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PEDEPAT

JluniomMHa po6oTa Marictpa Ha Temy: «AHali3 BIUIMBY PEKUMHUX MapaMeTpiB Ha
e(peKTUBHOCTh POOOTH CYJHOBHX CHUCTEM reHepalii iHepTHUX raziB»: 97 c., 21 puc., 16
Tabn., 31 mxepen, 12 ciaiiiB mpe3eHTAIIITHOTO MaTepiay.

AKTyanpHICTh pOoOOTH OOYMOBJIEHA 3pOCTAIOYMMHU BUMOTaMU MIKHApOJHUX HOP-
matuBHEX AokyMeHTIB IMO (SOLAS, FSS Code, ISGOTT, IGC ta IBC Codes) momo
BUOYXOMOXKEKHOT 0€3MEKU TaHKEPHUX CYICH Ta HEOOXIJIHICTIO MiJIBUILIEHHS €HEProe-
(EKTUBHOCTI JOMOMIKHUX CYJHOBUX CHUCTeM. BUKOHaHO aHasi3 HOpMAaTHUBHOI 0a3u Ta
HAyKOBHUX IyOJIKalli 00 3aCTOCYBaHHS CUCTEM 1HEPTHOIO ra3y Ha cyaHax. Po3ris-
HYTO KOHCTPYKIIIIO, MPUHIIMIT Jii Ta eKCIUTyaTalliifHi 0COOJMBOCTI IBOX CHUCTEM: I'eHe-
paTopiB IHEPTHOT'O ra3y Ha OCHOBI MPOAYKTIB 3rOpsIHHS NajvBa Ta MEMOPAHHUX a30T-
HUX YCTaHOBOK.

BcranoBneHo, 1110 MUTOMa BUTpAaTa MajiiBa T€HEPATOPIB IHEPTHOTO Ta3y Ha OCHOBI
sropsinHs cranoBuTh 0,07-0,09 xr/Hwm? mpu BMicTi kucHio 2-5 % 06. lns memMOpaHHux
a30THUX CHCTEM MUTOME elieKTpocnoxkuBaHHs ckianae 0,22-0,28 kBt roa/Hm?® nipu uu-
ctoti a3zoty 95-98 % Ta 3pocrae go 0,35-0,45 kBt rox/Hm® mpu gucrori 99-99,5 %.
[TokazaHo, 1110 MIABUILIEHHS YUCTOTH a30Ty 3 95 % 10 99 % npus3BOIUTH A0 3HUKEHHS
MPOIYKTUBHOCTI MeMOpanHux cucteM Ha 30-60 % Ta 3011bIICHHS HaBaHTAXKEHHS Ha
MOBITPSHI KOMIIPECOPH.

[Tpu BmicTi S5 % KHCHIO Y iIHEPTHOMY rasi, MeMOpaHHa a30THA CUCTEMa Ma€ Tepe-
Bary siK 3a €KOJIOTTYHUMH, TaK 1 32 €HEPTeTUYHUMH MTOKAa3HUKAMU TIOPIBHSIHO 3 TeHepa-
TOPOM 1HEPTHOTO ra3y Ha OCHOBI 3ropsiHHs: nurtoma emiciss CO:z aya MeMOpaHHOI cuc-
TeMu € MeHIow npuban3Ho Ha 30-35 %, Hik ana combustion-type IGG, a cymapHhi
SHEProBUTPATH Ha TEHEPAIlil0 IHEPTHOrO ra3y € npubin3Ho Ha 50 % HIWKYUMH, HIXK Y
reHepaTopa Ha OCHOBI 3TrOPSIHHS.

CYJHOBA CUCTEMA IHEPTHOI'O T'A3Y, TEHEPATOP IHEPTHOI'O T'A-
3V, MEMBPAHHA A30THA YCTAHOBKA, EHEPI'OE®EKTHUBHICTD, EJIEKT-
POCITIOXXMNBAHHS, BUBY XOITOXEXHA BE3IIEKA, TAHKEPHE CY]JIHO.



ABSTRACT

Master’s thesis on the topic: “Analysis of the effect of operating parameters on the
efficiency of ship’s inert gas generation systems™: 97 pages, 21 figures, 16 tables, 31
references, 12 presentation slides.

The relevance of the study is determined by the increasing requirements of
international IMO regulatory documents (SOLAS, FSS Code, ISGOTT, IGC and IBC
Codes) concerning explosion and fire safety of tanker vessels, as well as the need to
improve the energy efficiency of auxiliary ship systems. An analysis of the regulatory
framework and scientific publications related to the application of inert gas systems on
ships has been performed. The design, operating principles, and operational features of
two types of systems have been considered: combustion-type inert gas generators and
membrane-based nitrogen generation systems.

It has been established that the specific fuel consumption of combustion-type inert
gas generators ranges from 0.07 to 0.09 kg/Nm® at an oxygen content of 2-5% by
volume. For membrane nitrogen systems, the specific electrical energy consumption is
0.22-0.28 kWh/Nm® at a nitrogen purity of 95-98% and increases to 0.35-0.45
kWh/Nm? at a purity of 99-99.5%. It has been shown that increasing nitrogen purity
from 95% to 99% results in a 30-60% reduction in the capacity of membrane systems
and a corresponding increase in the load on air compressors.

At an oxygen content of 5% in the inert gas, membrane nitrogen systems
demonstrate advantages in both environmental and energy performance compared to
combustion-type inert gas generators: the specific CO2 emissions of membrane systems
are approximately 30—-35% lower than those of combustion-type 1GGs, while the total
energy consumption for inert gas generation is approximately 50% lower than that of
combustion-based generators.

SHIPBOARD INERT GAS SYSTEM, INERT GAS GENERATOR,
MEMBRANE NITROGEN SYSTEM, ENERGY EFFICIENCY, ELECTRICAL
POWER CONSUMPTION, EXPLOSION AND FIRE SAFETY, TANKER VESSEL.
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NOMENCLATURE

EEDI — Energy Efficiency Design Index

GHG — Greenhouse gases

IG — Inert Gas

IGS — Inert Gas System

IGG — Inert Gas Generator

FSS Code — Fire Safety Systems Code

IGC Code — International Code for the Construction and Equipment of Ships Carrying
Liquefied Gases in Bulk

IBC Code — International Code for the Construction and Equipment of Ships Carrying
Dangerous Chemicals in Bulk

ISGOTT — International Safety Guide for Oil Tankers and Terminals
MSC — Maritime Safety Committee

OCIMF — Oil Companies International Marine Forum

LIN — Liquid Nitrogen

NCAF — Net Cost of Averting a Fatality

CATS — Cost of Averting a Ton of oil Spill

AFEM — Automatic Fuel Efficiency Module

SEC — Specific Energy Consumption

SW — Seawater

DG — Diesel Generator

VFD — Variable Frequency Drive

CAPEX — Capital Expenditures

OPEX — Operational Expenditures

dwt — Deadweight tonnage

MCR — Maximum Continuous Rating

CSO — Continuous Service Output

SFC — Specific Fuel Consumption

Nm? — Normal cubic meter



LIN — Liquid Nitrogen

IMO — International Maritime Organization;

MARPOL - International Convention for the Prevention of Pollution from Ships;
MEPC — Marine Environment Protection Committee;

NTP - Normal Temperature and Pressure (T=0 °C=273,15 K, p=1 atm=)
SOLAS - International Convention for the Safety of Life at Sea;
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INTRODUCTION

Ensuring explosion and fire safety during the transportation of petroleum products
and chemical cargoes is one of the key challenges of the modern maritime industry.
Inert Gas Systems (IGS) play a critical role in preventing the formation of explosive
atmospheres in cargo tanks by supplying a gaseous medium with a low oxygen content
[1]. On tanker vessels, two fundamentally different types of inert gas generators are
most commonly used: flue-gas-type inert gas generators (IGG), which utilize exhaust
gases from boilers, and dedicated nitrogen-based IGS, in which nitrogen with a reduced
oxygen content is produced by membrane separation units.

The growing requirements of the International Maritime Organization (IMO), in
particular the provisions of MARPOL Annex VI, the IGC Code, the IGF Code, and the
updated IMO Strategy on the reduction of greenhouse gas emissions [2], encourage
shipowners to seek energy-efficient solutions across all auxiliary ship systems. Inert gas
systems consume significant amounts of fuel and electrical power, and their
performance strongly depends on the supply pressure and temperature, inert gas purity,
compressor capacity, membrane separation efficiency, heat exchanger characteristics,
and the varying operating modes of the main power plant.

For vessels transporting LNG, LPG, or petroleum products with a low flash point,
the stability of IGG operating parameters affects not only voyage safety but also
operating costs, equipment wear, and compliance with environmental regulations. In
practice, significant variations in 1GG efficiency are observed depending on external
and internal factors such as seawater temperature, diesel generator load, gas filtration
efficiency, changes in membrane permeability, and even the condition of the air
pretreatment system upstream of the compressor. Such deviations may lead to excessive
fuel consumption, membrane degradation, an increase in oxygen content to hazardous
levels, or the occurrence of unstable flow regimes in inert gas pipelines.

Despite the widespread application of IGG systems, the issue of a comprehensive
analysis of the influence of operating parameters on their energy efficiency remains

insufficiently addressed. For most tanker vessels, integrated models capable of
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assessing the mutual effects of compressor capacity, cooling temperature, supply

pressure, degree of inert gas enrichment, and energy consumption for gas generation are
lacking. This significantly limits the possibilities for operating mode optimization,
improvement of fuel efficiency, and reduction of the load on the ship’s electrical power
system.

Therefore, the investigation of relationships between the operating parameters of
an IGG system and its overall efficiency is a relevant task of practical importance for
tanker fleet operators, shipbuilding companies, and marine engineers. The results of this
study can be used to develop recommendations for selecting optimal IGG operating
modes, increasing system reliability, and reducing operating costs.

Aim of the Master’s Thesis

The aim of this master’s thesis is to investigate the performance and energy
efficiency of shipboard inert gas generation systems under real operating conditions,
based on a comparative assessment of combustion-type inert gas generators and
membrane-based nitrogen generation systems, and to justify the technically and
economically optimal solution for the selected prototype vessel MV NUNAVIK, taking
into account regulatory requirements, energy consumption, enviromental impact, and
operational constraints.

Objectives of the Master’s Thesis

To achieve the stated aim, the following objectives are formulated:

- To perform calculation-based selection of the main engine-room auxiliary
systems for the prototype vessel MV NUNAVIK equipped with the MAN B&W
7S70ME-C main engine, in accordance with classification society requirements.

- To systematise international regulatory requirements (SOLAS, FSS Code,
ISGOTT, IGC and IBC Codes) governing the design, capacity, gas quality, safety
arrangements and operation of shipboard inert gas systems.

- To analyse the structural design, operating principles and functional features of
combustion-type inert gas generators and membrane-based nitrogen inert gas systems.

- To assess the energy characteristics of the compared systems, including specific

fuel consumption of combustion IGGs and specific electrical energy consumption of
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nitrogen membrane systems, under nominal and part-load operating modes.

- To conduct a comparative analysis of combustion-based and nitrogen-based inert
gas generation systems in terms of energy efficiency, environmental impact, operational
flexibility, maintenance requirements.

- To develop engineering recommendations for the rational selection and optimal
operating parameters of inert gas generation systems aimed at reducing energy
consumption, improving safety margins and ensuring compliance with modern

environmental regulations.
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TECHNOLOGICAL CARD OF RESEARCH

1. Research
Motivation /
Practical Need

3. Subject of Research
The influence of operating

requirements aimed at | |performance of shipboard
improving ship safety, | |inert gas generators,
reducing greenhouse including combustion-type
gas emissions, and IGGs and membrane-based
increasing energy nitrogen generation
efficiency of auxiliary | |systems.

v

parameters of inert gas
generation systems (pressure,
temperature, capacity, gas
purity, and load conditions)
leads to a reduction in energy
consumption, improved

gas generation
systems (IGS)
installed on tanker
vessels.

Y

5. Main Research Objective

To investigate and evaluate the effect of operating
parameters on the efficiency of shipboard inert gas
generation systems and to justify rational operating
modes for improved energy performance.

|

parameters on the energy
Growing international | |efficiency and

12. Scientific Provisions
Submitted for Defence
Improvement of the energy
efficiency of shipboard inert gas
generation systems is achieved
through the rational selection of
operating parameters and system
configuration, taking into account
ship type, cargo characteristics,

and onerational conditions.

)

ée?etgf;: of 4. R_esz_earc_:h Hypothes_is J
Shipboard inert Optimization of operating

11. Practical Value
Implementation of the proposed
recommendations can reduce fuel
and electrical energy
consumption, improve system
reliability, and ensure compliance
with modern safety and
environmental requirements on
tanker vessels.

)

6. Additional Research Tasks

o analysis of international regulatory requirements
governing inert gas systems (SOLAS, FSS Code,
ISGOTT, IGC and IGF Codes);

o study of design features and operating principles
of combustion-type inert gas generators and membrane
nitrogen systems;

o assessment of energy consumption characteristics
of inert gas systems under various operating conditions;

o evaluation of the influence of external and
internal factors on inert gas system performance;

o development of engineering recommendations for
optimizing inert gas system operation.

10. Scientific Value

The obtained results expand the
understanding of energy
performance characteristics of
shipboard inert gas generation
systems and provide a basis for
further optimization studies.

)

9. Experimental and Source
Data

Manufacturer technical
documentation, classification
society rules, IMO regulatory
documents, and published
scientific literature on inert gas
generation systems and ship
energy efficiency.

f

v

7. Method for Solving the Main Problem
Analytical and calculation-based assessment of inert
gas generation systems combined with comparative
analysis of different operating modes and system
configurations.

8. Scientific Result

Identified relationships between
operating parameters of inert gas
generation systems and their
overall energy efficiency,
enabling rational selection of
operating modes.
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1 REGULATORY FRAMEWORK AND LITERATURE REVIEW ON INERT

GAS GENERATION SYSTEM

1.1 Regulatory Requirements for Inert Gas Systems on Board Ships (SOLAS,
IMO Guidelines, ISGOTT)

This section summarises the mandatory requirements for shipboard inert gas
systems derived from the following key regulatory documents:

- IMO, “Inert Gas Systems”, 1990 (IMO-860E) — a consolidated collection of the
Guidelines for Inert Gas Systems together with extracts of relevant SOLAS regulations
and IMO Assembly resolutions [3].

- SOLAS 1974/2000/2014, Chapter 1lI-2 “Construction — Fire protection, fire
detection and fire extinction”, in particular Regulations 11-2/4.5.5 and 11-2/16.3.3, as
well as the associated provisions of the FSS Code, Chapter 15 “Inert Gas Systems” [4,
5].

- ISGOTT, International Safety Guide for Oil Tankers and Terminals, 5th edition,
especially Section 7/10 “Fixed Inert Gas Systems” [6].

These documents form the unified regulatory basis governing the design,
installation and operation of inert gas systems (IGS) on oil, product and chemical

tankers.

1.1.1. Scope of Application of Inert Gas Systems under SOLAS

Initial SOLAS requirements for crude oil and product tankers. Originally (1980-
1981 amendments), SOLAS required inert gas systems to be installed on:
- all tankers of 100,000 dwt and above, later reduced to

- 20,000 dwt and above, carrying crude oil and petroleum products with low
flashpoint.

These provisions are reproduced in the IMO publication Inert Gas Systems (IMO-
860E), including the full text of the relevant SOLAS regulations and Assembly

Resolution A.418(Xl), which defines the core functions of an inert gas system (inerting,
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maintaining a non-flammable condition, preventing air ingress).

2016 SOLAS amendments: 8,000 dwt threshold. Following the analysis of
incidents on chemical and product carriers, IMO introduced amendments
(MSC.365(93), MSC.367(93), MSC.369(93), MEPC.250(66)), effective 1 January
2016, which:

- require all new oil and chemical tankers > 8,000 dwt,

- that carry cargoes with a flashpoint < 60°C,
to be fitted with an inert gas system complying with FSS Code Chapter 15.

These requirements apply to ships constructed on or after 1 January 2016.

Chemical tankers and gas carriers. For chemical tankers, the relevant framework
includes:

- Regulation for Inert Gas Systems on Chemical Tankers (IMO Resolution
A.567(14)),

- earlier Interim Regulations for Inert Gas Systems on Chemical Tankers Carrying
Petroleum Products (A.473(XI1)),

- SOLAS Regulation 11-2/55.5, covering the carriage of petroleum products on
chemical tankers.

These regulations (all reproduced in IMO-860E) allow the use of inert gas systems
on chemical tankers while recognising the sensitivity of certain chemical cargoes to
CO., moisture and contaminants. They also allow equivalent arrangements (e.g., double
block-and-bleed instead of a deck water seal), provided an equivalent level of safety is
demonstrated.

For gas carriers, specific SOLAS provisions and the IGC/IBC Codes apply, but the
core functional requirements for inerting (maintaining O: at safe limits and ensuring

positive pressure) remain consistent with the IMO Guidelines for Inert Gas Systems.

1.1.2. Functional and Technical Requirements (SOLAS + FSS Code + IMO
Guidelines)

Required functions (Revised Regulation 62 / FSS Code Chapter 15). According to
the revised SOLAS Regulation 62 (as reproduced in IMO-860E) and FSS Code Chapter
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15, an inert gas system must:

- Inert cargo tanks by reducing oxygen concentration to a level at which
combustion cannot occur (O: typically not exceeding 8% by volume in the tank
atmosphere).

- Maintain an inert atmosphere at all times during normal operations, ensuring that
oxygen concentration in any part of the tank does not exceed 8% by volume while
maintaining positive pressure at sea and in port.

- Prevent the ingress of air into the cargo tanks during all cargo-handling and
ballast operations.

FSS Code Chapter 15 specifies these functions in measurable technical terms
(minimum capacity, gas quality requirements, system components).

Gas quality requirements. FSS Code Chapter 15 specifies that the inert gas system
must:

- supply inert gas with oxygen content not exceeding 5% by volume in the inert
gas main at any required throughput;

- maintain O2 < 8% by volume in the cargo tanks under all normal conditions;

- maintain positive pressure in all tanks except during gas-freeing.

These requirements apply irrespective of the gas source (flue gas, independent
IGG, nitrogen generator).

System capacity and arrangement. FSS Code Chapter 15 and the IMO Guidelines
require that the inert gas system must:

- be capable of supplying inert gas at a rate not less than 125% of the maximum
rated capacity of the cargo pumps;

- for chemical/product tankers, reduced capacity may be accepted if the maximum
discharge rate is limited to 80% of the IGS capacity;

- be arranged with reliable blowers/fans, with minimum capacity distribution
requirements if two or more units are installed,;

- provide full pressure control capability (automatic closure of the regulating valve,
opening of the deck vent to atmosphere in case of overpressure).

Acceptable sources of inert gas. According to IMO Guidelines
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(MSC/Circ.353/387, included in IMO-860E) and FSS Code, inert gas may be generated

from:
- Boiler flue gases (traditional flue-gas 1GS).
- Independent inert gas generators (IGG).

- Gas-turbine systems with suitable afterburners, provided they ensure required gas
quality.

Each source must include: scrubber, gas cooler, blower(s), deck seal or equivalent
arrangement, pressure/vacuum protection devices, o0Xxygen/pressure/temperature
monitoring and control.

Non-return and safety devices (deck seal, non-return valve, block-and-bleed). The
“Regulation for Inert Gas Systems on Chemical Tankers” (A.567(14)) requires that:

- at least two independent non-return arrangements be fitted,;

- one of these must be a deck water seal, unless an approved double block-and-
bleed arrangement is used;

- a mechanical non-return valve must be located between the deck seal (or block-
and-bleed) and the first branch to any tank;

- a deck vent valve must be installed to relieve excess pressure between the
regulating valve and deck isolating valve.

These devices must prevent backflow of hydrocarbon vapours toward machinery

spaces.

1.1.3. Operational and Procedural Requirements (SOLAS + ISGOTT)

Maintaining tanks in an inerted condition. ISGOTT (Section 7/10) states that all
ships fitted with inert gas systems should:

- maintain the system in full working order,

- operate it in accordance with ISGOTT procedures,

- keep cargo tanks in an inert condition whenever practicable, except during
required gas-freeing.

ISGOTT also describes the recommended procedures for inerting, purging, gas-

freeing and tank atmosphere control during all cargo operations.
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Procedures in case of inert gas system failure. ISGOTT and SOLAS require that

each vessel have an Inert Gas System Operating Manual containing detailed failure
procedures. In the event that the system cannot:
- supply gas of the required quality (O2 < 5%),
- Or maintain positive pressure,
then:
- all cargo/ballast operations that may cause air ingress must stop immediately,
- the deck isolating valve must be closed,
- the deck vent valve opens to relieve pressure,
- operations may resume only after the system is restored or the tanks are placed in
a safe gas-free condition.
Documentation, training, and survey requirements. SOLAS and FSS Code require
that ships fitted with IGS carry:
- a comprehensive operating and maintenance manual,
- a failure procedure,
- detailed instructions for safety and emergency actions.
During statutory surveys (HSSC), inert gas systems are subject to:
- testing of alarms (high/low pressure, O: content),
- verification of the accuracy of oxygen analysers,
- inspection of non-return arrangements,
- testing of valves and pipeline tightness.
ISGOTT and associated tanker safety guides require pre-operation checks
confirming that the system is supplying inert gas with O. < 5%, all valves are correctly

set, and all alarms and interlocks are functional.

1.1.4. Application to Product and Chemical Tankers (ISGOTT + SOLAS)

When product/chemical tankers must be fitted with IGS. ISGOTT sections
“Product Carriers Required to be Fitted with an Inert Gas System” and “Combination
Carriers” state that:

- the principles of inerting for product carriers follow the same principles as for
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crude oil tankers;

- the requirement for IGS is tied to the carriage of cargoes with flashpoint < 60°C;

- such cargoes must remain in an inert condition throughout the voyage.

These recommendations are consistent with SOLAS 11-2/4.5.5 and 11-2/16.3.3,
which mandate IGS on new oil and chemical tankers > 8,000 dwt carrying low-
flashpoint cargoes.

Chemical tankers and the carriage of petroleum products. OCIMF guidance
clarifies that for chemical tankers carrying petroleum products, the relevant
requirements come from:

- SOLAS 11-2/55.5,
- Resolution A.567(14) for inert gas systems on chemical tankers.

For most modern chemical tankers these requirements are met using nitrogen
inerting systems, but regardless of the source (flue gas, IGG, nitrogen generator), the
functional SOLAS/FSS requirements remain identical:

- Oz in the inert gas main < 5%,

- Oz 1n tanks < 8%,

- positive pressure maintained,

- compliant non-return arrangements,

- adequate capacity and alarm systems.

1.1.5. Overal conclusions

Based on the analysis of SOLAS (Il1-2/4.5.5, 11-2/16.3.3), IMO “Inert Gas
Systems” (1990, IMO-860E) and ISGOTT (5th edition), the following key points can be
formulated:

1. The installation of inert gas systems is a mandatory SOLAS requirement,
depending on ship type, cargo flashpoint, deadweight and date of construction. Since
2016, nearly all new oil and chemical tankers of > 8,000 dwt carrying cargoes with
flashpoint < 60°C must be equipped with an IGS.
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2. Functional requirements (inerting, maintaining oxygen < 8% with positive

pressure, preventing ingress of air) are defined in the revised SOLAS Regulation 62 and
detailed in FSS Code Chapter 15, incorporated into IMO-860E.

3. Technical parameters — gas source, minimum capacity (>125% of cargo pump
capacity), maximum O: content (<5% in the inert gas main), construction, non-return
devices, pressure control, alarms — are prescribed through SOLAS, the FSS Code and

the IMO Guidelines for Inert Gas Systems.

1.2 Review of the Published Literature on the Performance of Marine Inert

Gas Generation Systems

In their multi-criteria analysis [7], the authors evaluate five inert gas generation
options for ensuring the safe maritime transportation of Direct Reduced Iron.
Considering installation cost, safety level, operating and maintenance costs, and time
losses, the authors conclude that the most suitable option is inert gas or nitrogen
supplied from external (port) facilities.

The rationale is the following [7]:

External nitrogen/inert gas supply (port facility system) ranks first overall because
it avoids onboard installation, reduces maintenance efforts, and minimizes delays during
cargo operations.

Although fixed nitrogen tube systems and onboard nitrogen generators show good
safety performance, they are less favorable economically when the ship does not
routinely carry dangerous cargo requiring inerting.

Independent IGG units and boiler uptake gas systems receive the lowest ranking
due to high installation and operating costs, limited practicality on dry bulk ships, and
insufficient economic justification for vessels that carry Direct Reduced Iron only
occasionally.

Study [8] shows that different inert gas concepts are optimal for different ship
types and operating conditions. Based on a technical and economic comparison of flue-

gas inert gas systems, independent inert gas generators and membrane nitrogen genera-
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tors, the authors conclude that a nitrogen generator has lower installation and mainte-

nance costs than an inert gas generator, does not require additional fuel (only electrical
power for compression), and provides higher-quality, cleaner inert gas, which is particu-
larly important for chemical tankers and “sensitive” cargoes. At the same time, a flue-
gas inert gas system remains the most efficient in terms of fuel, space and electrical
consumption and is considered justified on large oil tankers that already have powerful
steam boilers in operation (e.g. for steam cargo pumps) and do not require high-purity
gas. In such cases, retrofitting an additional generator is not economically attractive.
Conversely, on ships without a large steam boiler plant, or on chemical tankers, the
practical choice lies between an inert gas generator and a nitrogen generator, and the au-
thors emphasise that nitrogen systems are often preferable due to better gas quality, eas-
ier automation and favourable life-cycle costs despite their lower capacity.

In their comparative study Adrian and Gonzalez [9] conclude that, for the type of
product/asphalt tanker they analyse, an on-board nitrogen generation plant based on
non-cryogenic membranes is clearly more advantageous than a conventional flue-gas
inert gas plant. The N> system provides faster inerting (the conventional I1GS would
need about 88 % more time for the same vessel), lower annual fuel consumption and
markedly lower emissions, while also avoiding typical drawbacks of boiler-flue systems
such as tank corrosion, higher complexity and maintenance effort. Overall, they judge
that membrane-type N2 plants offer higher efficiency, simpler installation and operation,
and better safety/environmental performance, so they are the preferred option for
modern tankers carrying refined products—although the final choice of inert gas system
should still consider cargo type, ship size and power-plant configuration.

In the paper [10], Aftaniuk et al. conclude that for modern chemical tankers only
nitrogen-based inert gas systems are practically suitable, in line with SOLAS
requirements, whereas conventional oil-fired flue-gas IGS are generally inappropriate
for chemical cargoes because of CO., moisture and other impurities that can damage or
contaminate the product. They compare high-pressure nitrogen cylinders, liquid-
nitrogen (LIN) storage and on-board nitrogen generators, noting that LIN tanks supply

very clean, dry nitrogen but suffer from significant boil-off losses during long sea
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passages, which forces operators to vent excess high-quality nitrogen to the atmosphere.

Therefore, the authors consider nitrogen systems (LIN tanks and generators) to be the
expedient solution for chemical tankers, while stressing that optimizing the design and
thermal insulation of LIN tanks is essential to reduce operational nitrogen losses.

In [11] Thomas and Skjong show, within a Formal Safety Assessment framework,
that installing inert gas systems on small tankers clearly pays off in risk reduction
versus cost. For 8,000-20,000 dwt chemical tankers they conclude that nitrogen inert
gas systems (N2 IGS) are cost-effective: both the Net Cost of Averting a Fatality
(NCAF) and the Cost of Averting a Ton of oil Spill (CATS) fall within acceptable
ranges, so fitting N2 IGS on newbuilds in this size range is recommended. For 8,000—
20,000 dwt oil/product tankers they find that conventional oil-fired IGS is likewise cost-
effective (favourable GCAF, NCAF and CATS), and therefore also recommend making
IGS mandatory for newbuilds in this segment, as it can reduce cargo-tank fire/explosion
risk by about 90+% compared with similar ships without IGS.

In [12] Matieiko analyses three nitrogen-based inerting schemes for LNG/gas
carriers — cascade, parallel and semi-cascade — using two key criteria: nitrogen
consumption and duration of the inerting process for ships with cargo capacities from
about 38,600 to 62,000 m3. The main conclusions are:

Cascade inerting is the most economical in terms of nitrogen consumption: it is
taken as the reference (relative consumption = 1.0).

Parallel and semi-cascade schemes require substantially more nitrogen — by about
1.74-2.42 times and 1.28-1.83 times, respectively, depending on ship cargo capacity.

However, the cascade scheme is the slowest: its relative duration is taken as 1.0,
whereas the semi-cascade scheme shortens inerting time to about 0.43-0.64, and the
parallel scheme to about 0.58—0.75 of the cascade duration.

Thus, the author concludes that there is no single universally “best” inerting
scheme: the cascade scheme is optimal when minimizing nitrogen consumption (and
therefore operating costs) is the priority and a longer inerting time is acceptable; the
semi-cascade and parallel schemes are preferable when the main requirement is to

reduce the time spent on inerting and port stay, at the expense of higher nitrogen usage.
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The final choice of an inerting scheme should therefore be based on voyage

assignment, port environmental and safety requirements, characteristics of the ship’s
nitrogen generation system, and the possibility of using shore-supplied inert gas.

General Conclusion Based on the Literature Review

The analysed body of research clearly demonstrates that the optimal choice of an
inert gas system for a given vessel is not universal but depends on a combination of
technical, operational, economic, and regulatory factors. For dry bulk carriers that
transport dangerous cargoes such as Direct Reduced Iron only occasionally, the most
rational solution is to use inert gas or nitrogen supplied directly from shore-based
facilities. This option minimizes capital expenditure, eliminates the need to install and
maintain specialised onboard equipment, and reduces additional operational risks

associated with systems unfamiliar to bulk carrier crews.

Decision Framework for
Selecting an Inert Gas System
for Marine Vessels

{ N\ { N\ 4
Shore-supplied Membrane Flue-gas
N2/IG N> generator IGS

best for bulk best for chemical/ best for large
carriers with product tankers & crude oil tankers
occasional modern tankers with existing
hazardous cargo requiring high- boilers

L § @ purity inert gas L )

The final choice depends on

vessel type and
operating conditions

Fig. 1.1 The final choice of Inert Gas System depends on vessel type and operating

conditions
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For tanker fleets the picture is more complex. Comparative studies show that

membrane-type nitrogen generators provide significantly higher inert gas purity, better
controllability, and lower lifecycle operating costs—features that are particularly
important for chemical tankers and vessels carrying sensitive or high-value products.
Conversely, for large crude or product tankers already equipped with powerful steam
boilers, conventional flue-gas inert gas systems remain economically justified due to
their low specific fuel consumption and minimal additional investment requirements. In
such cases, installing a nitrogen generator offers limited benefits relative to its cost.

For LNG and LPG carriers, the choice of nitrogen inerting scheme (cascade,
parallel, or semi-cascade) depends on whether the priority is to minimise nitrogen
consumption or to reduce total inerting time and port stay. No single approach is
universally best: the cascade scheme is most economical in nitrogen usage, whereas the
semi-cascade and parallel schemes significantly shorten inerting duration at the cost of
higher consumption.

Overall, the literature shows a clear modern trend: nitrogen-based systems—
especially membrane generators—are increasingly becoming the preferred solution for
chemical tankers, product tankers, and gas carriers, owing to their high gas purity,
operational flexibility, and favourable long-term economics. Traditional flue-gas
systems remain appropriate mainly for large crude carriers whose existing machinery
makes their operation cost-effective. Thus, the choice of an inert gas system must be
based on the vessel’s type, cargo characteristics, onboard energy systems, cargo quality
requirements, and operational priorities such as safety, speed of inerting, and cost

minimisation.

1.3 Energy Characteristics and Advantages and Disadvantages of Comparative

Inert Gas Generation Systems

1.3.1 Combustion-type 1IGG
A comprehensive search confirms that no full “specific fuel consumption vs. inert

gas flow” curve for Alfa Laval Smit Combustion inert gas generators (IGGs) exists in
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open access; manufacturers do not publish detailed SFC—flow characteristics publicly

[13-15].

In [13] for a Smit Gas Systems inert gas generator provides the following nominal
operating point: capacity 2000 m*/h at 0.15 bar and fuel consumption of approximately
162 kg/h [13]. The corresponding specific fuel consumption is:

SFC =162 /2000 = 0.081 kg/Nm? =~ 81 kg / 1000 Nm?.

Open technical sheets for other combustion-type IGGs support a similar SFC
range. For example, a Wirtsild Moss inert gas generator has a nominal specific fuel
consumption of approximately 0.075 kg/Nm?* [14], while Maritime Protection 1GGs
typically fall in the range 0.07-0.09 kg/Nm?® [15]. The value of 0.081 kg/Nm?® therefore
lies well within the common range of 0.07-0.09 kg/Nm?* for modern combustion-type
IGGs.

Due to the absence of detailed SFC—flow curves for Smit Combustion 1GGs,
engineering models usually adopt a simplified representation based on nominal values
and qualitative trends [13-15]. A typical approach assumes:

1) nominal SFC at design flow of 0.075-0.080 kg/Nm?;

2) increased SFC at low flows due to manual control inefficiencies, fixed firing
rates and excess inert gas venting;

3) an AFEM-corrected SFC curve obtained by multiplying the manual-mode fuel
consumption by a factor of 0.60-0.70 to represent the documented 30—40 % reduction

in fuel use when the Automatic Fuel Efficiency Module is installed.

1.3.2 Membrane Nitrogen System

For marine membrane-type inert gas systems (nitrogen generators), manufacturers
likewise do not publish complete “specific energy consumption vs. nitrogen flow”
curves [16-20]. Detailed performance maps are typically restricted to vessel-specific
technical documentation. Most publicly available data describe only nominal nitrogen
purity, generator capacity range, compressor power demand and specific energy
consumption (SEC) at one or several operating points [16-19].

Open datasheets for marine membrane nitrogen generators provide relatively
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consistent nominal SEC values. For small and medium-capacity systems at 95-98 %

nitrogen purity, typical SEC values lie in the range 0.22—0.28 kWh/Nm?® [16-19]. For
high-purity nitrogen in the range 99-99.5 %, SEC usually increases to approximately
0.35-0.45 kWh/Nm? [16-19]. These values are representative of systems offered by
Parker Hannifin, Wilhelmsen Maritime Services and N2 Generators AS.

Membrane separation performance depends strongly on feed-air conditions and
required nitrogen purity [16—20]. The key parameters are feed-air temperature, feed-air
pressure (typically 7-13 bar), feed-air dew point and target purity level. Increasing Na
purity from 95 % to 99 % at constant compressor power can reduce the nitrogen flow
output by 30-60 %, which effectively increases SEC. Likewise, membrane permeability
decreases at lower temperatures, while a moderate increase of feed-air temperature by
10-15 °C may raise nitrogen output by roughly 5-12 % [16-19].

When modelling nitrogen membrane IG systems for marine applications, the
following assumptions are commonly adopted based on open-source information [16—
20]:

1) nominal SEC of 0.22-0.28 kWh/Nm? for 95-98 % N purity and 0.35-0.45
kWh/Nm? for 99-99.5 % N purity;

2) compressor efficiency dominates total energy use, with up to 80-90 % of power
consumed by the feed-air compressor;

3) SEC grows at partial load because reduced feed-air flow lowers membrane
recovery efficiency;

4) temperature control is important, since membrane permeability decreases at low
temperatures;

5) there is an optimal feed-pressure window (typically 11-12 bar(g)), as nitrogen

yield increases with pressure, while compressor power rises more steeply with speed.
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Table 1.1 Comparative of Combustion IGG vs Membrane Nitrogen Systems

Aspect Combustion-type 1IGG Membrane Nitrogen System
Produced gas / | Advantages (Pros): Advantages (Pros):
suitability - Adequate 1G quality (O2 2-5%) | - High-purity, dry N2 (95—
for oil/product tankers. 99.5%).
Disadvantages (Cons): Contains | Disadvantages (Cons):
CO., SOx, NOx, moisture; not Reduced flow at high purity;
suitable for sensitive cargoes. ultra-high purity may require
additional steps.
Energy source | Pros: Uses liquid fuel; Pros: No flame or fuel;
independent from electrical load. | electrically driven only.
Cons: Requires continuous fuel | Cons: High compressor power
burning + power for pumps/fans. | demand; may overload
generator capacity.
Part-load Pros: AFEM reduces fuel waste | Pros: Good turndown with
behavior by 30-40% at partial loads. VFD compressors and modular
Cons: Without AFEM: severe membranes.
overproduction at low cargo rates. | Cons: SEC increases at low
loads and at high purity
requirements.
Startup & Pros: Standardized and well- Pros: Fast cold start via
response understood procedures. compressor.
Cons: Requires ignition, flame Cons: High start currents;
stabilization, warm-up. compressor wear from frequent
cycling.
Safety Pros: Mature SOLAS-based Pros: No combustion; lower

safety framework; long
operational history.

Cons: Open flame and fuel
systems increase fire/explosion
risk.

fire and explosion risk.

Cons: High-pressure air
hazards; membrane failure if air
quality is poor.

Cooling water

Pros: Utilizes existing seawater
networks.

Cons: High SW demand;
scrubber scaling and corrosion.

Pros: Minimal seawater use.

- Compressor cooling (air/water)
required, especially in warm
climates.
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Table 1.1 (continued)

Maintenance

Pros: Global service experience;
robust design.

Cons: Burner/scrubber/seal
require heavy maintenance;
corrosion risk.

Pros: No burner or scrubber;
simpler maintenance regime.
- Membranes sensitive to
oil/particles; periodic
replacement required.

Environmental
impact

Pros: Predictable emission
profile; well-integrated
operational rules.

Cons: Additional CO2, NOx, SOx
from fuel combustion.

Pros: No direct combustion
emissions; only electrical load.
Cons: Indirect CO: footprint
depends on DG efficiency; SEC
rises at high purity.

Space & Pros: Integrated into boiler Pros: Compact membrane
weight systems on newbuilds. racks; good for retrofits.
Cons: Large/heavy scrubber, deck | Cons: Compressors and air-
seal and pumps. treatment skids may require
significant space.
Capital Pros: Lower CAPEX for large Pros: Lower OPEX where
Expenditures / | tankers with boilers. electricity is inexpensive; no
Operational Cons: High fuel OPEX; manual fuel cost.
Expenditures | mode inefficient. Cons: Higher CAPEX for high
(CAPEX/ N: flows; membrane

OPEX)

replacement cost.
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2. CALCULATION AND SELECTION OF ENGINE-ROOM AUXILIARY

SYSTEMS FOR MV NUNAVIK

All calculations presented in this section were performed in accordance with the
Rules for the Classification and Construction of Seagoing Ships of the Ukrainian
Register of Shipping [21].

The input data for the calculations are adopted based on the information for the
prototype vessel NUNAVIK and the main engine MAN B&W 7S70ME-C, as presented
in Sections 2.1 and 2.2.

2.1 Description of the Prototype MV NUNAVIK

Table 2.1 Ship NUNAVIK Particulars

SHIP NAME: NUNAVIK

OWNERS: FEDERAL HUDSON LTD.
Suite 3500, 1000 De La Gauchetiere West, Montreal,
Quebec, Canada, H3B 4W5

COMMERCIAL FEDNAV INTERNATIONAL LTD.

OPERATORS: Suite 3500, 1000 De La Gauchetiere West, Montreal,
Quebec, Canada, H3B 4W5

MANAGEMENT CO.: ANGLO EASTERN SHIP MANAGEMENT LTD.
1868 Des Sources Boulevard, Suite 504, Pointe-
Claire, Quebec, H9R 5R2, Canada

NATIONALITY: Marshall Islands

PORT OF REGISTRY: MAJURO

CALL SIGN; V7CK9

OFFICIAL NO.: 5278

IMO / MMSI / SAT C NO.: | 9673850 /538005278 / 453838818

INMARSAT “F” FBB500

TEL: Speech/Voice TEL: (870) 773701500

FAX: FAX: 870783823108

VSAT / MOBILE +1 (613) 7015038,
Cell: +358 466844485 (in ports only)
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Continuation of Table 2.1

EMAIL: master.nunavik@aesmvsl.com

SAT-C EMAIL.: 453838818@c12.stratosmobile.net

BUILT: (2014) Japan Marine United Corporation, Tsu, Japan

CLASS: DNV
IA1 ICE-15 PC4 BULK CARRIER ESP BC-A ECO
DAT(-30C) DK(+) HA(+) I1B-3 Holds (2,4 or 3) may
be empty inert TMON Nauticus (Newbuilding)
COAT-PSPC(B)

TYPE OF SHIP: Double Hull Construction 1.B. Bulk Carrier

ICE STRENGTHENING:

DNV ICE CLASS (IA1-15) PC4

LBP:

178.000 m / 583.990 ft

LOA:

188.800 m / 619.423 ft

BREADTH (MOULDED):

26.600 m / 87.270 ft

DEPTH (MOULDED):

15.700 m / 51.509 ft

LIGHTSHIP 13,058.0 MT / 12,848.1 LT
DISPLACEMENT:

FREEBOARD 15.754 m / 51.686 ft
CONSTANT:

SUMMER FREEBOARD:

4.003m / 13.133ft

SUMMER LOAD DRAFT
(Extreme):

11.751m /[ 38.553 ft

DISPLACEMENT @
SUMMER LOAD DRAFT

44,8120 MT [/ 44,091.8LT

(SW):

DWT (SUMMER): 31,7540 MT [/ 31,243.7LT
TPC: 44850 MT [/ 44129 LT
FWA: 250.0 mm / 9.843in

WINTER LOAD DRAFT
(SW)

11507 m [ 37.753 ft

DISPLACEMENT @
WINTER LOAD DRAFT
(SW)

43,7220 MT [/ 43,0193 LT

DWT (WINTER)

30,6640 MT / 30,171.2LT
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Continuation of Table 2.1

TPC (WINTER)

44510 MT [/ 43.795LT

GRT/NRT

22,622.0 / 8,841.0

MAIN ENGINE: TYPE

Hitachi Zosen — MAN B&W 7S70ME-C

OUTPUT:

29,540 BHP (21,770 kW) @ 91 RPM

M.E. CONSUMPTION @
CSO (11.50m Draft with
15% Set Margin):

34.9 MT/day (IFO)

PROPELLER TYPE/ Controllable pitch, 4 blades, left hand screw

SIZE: Fixed nozzle (Type NSMB37) /Diameter: 6.5 m
(21.33 ft)

RUDDER: Balanced, streamlined double plate type

SPD (MCO @ 11.5m draft
with 15% Sea Margine):

18.10 kts

SPD (CSO @ 11.5m draft
with 15% Sea Margine):

13.50 kts

BUNKER CAPACITY:
IFO/DO:

2015.5 cum @96% /80.9 cu.m @96%

BALLAST CAPACITY:

25915.4 cu.m @100% 26563.3 MT (SW)

DOMESTIC FW
CAPACITY /
PRODUCTION:

152.7 MT / 20 MT/day @ peak

HEIGHT OF KEEL TO
MAST HEAD:

45260 m / 148.491 ft

DISTANCE BRIDGE
FRONT TO BOW:

149.550 m / 490.650 ft

DISTANCE BRIDGE
FRONT TO STERN:

39.250 m / 128.773 ft

DISTANCE BCM:

97.500 m / 319.882 ft

DISTANCE DCM:

2.000m / 6.562 ft
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2.2 General technical data for MAN B&W 7S70ME-C low-speed marine

diesel engine

The MAN B&W 7S70ME-C is a low-speed, two-stroke, crosshead marine diesel
engine manufactured by Hitachi Zosen Corporation (Japan) under MAN B&W licence.
It is used as the main propulsion engine for large merchant vessels such as oil tankers,

bulk carriers, and LNG carriers.

Table 2.2 Main Characteristics, Geometric Parameters, Power Rating and Operating
Conditions of MAN B&W 7S70ME-C

Parameter Value

Full engine designation HITACHI ZOSEN — MAN B&W 7S70ME-C

Manufacturer Hitachi Zosen Corporation (Japan), MAN B&W
licensee

Application Main propulsion engine for large commercial
vessels

Engine type Two-stroke, low-speed, crosshead, electronically
controlled (ME-C)

Scavenging system Uniflow scavenging with exhaust valve;

turbocharging at constant pressure

Number of cylinders 7 (in-line)

Stroke class Super Long-Stroke “S”
Parameter Value

Cylinder bore 700 mm

Piston stroke 2800 mm

Stroke—bore ratio ~ 4.0

Swept volume per cylinder ~1.08 m?

Total swept volume ~7.54 m?

Parameter Value
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Continuation of Table 2.2

Nominal speed (MCR) ~ 91 rpm (operational range ~77-91 rpm)

Nominal power (MCR) ~21.7 MW (= 21,770 kW)

Specific fuel oil consumption |~ 160-170 g/kWh at MCR

Fuel type HFO in compliance with MARPOL Annex VI,
LSFO when required

2.3 Hourly Fuel Consumption of the Main Engine MAN B&W 7S70ME-C

Qe = ge - 2Ne

Q. = 0.165-21700 = 3580 kg/h
where g, — specific effective fuel consumption, kg/(kW-h);

2N, — total effective power of the main engines, kW.

The amount of heat released during fuel combustion:

q=Qe 0O,

q = 3580 47000 = 146780000 kJ/kg,
where Q, is lower heating value of the fuel, kJ/kg.

For the fuel used by the MAN B&W 7S70ME-C engine, the lower heating value is
taken as O, = 41000 kJ/kg.

2.4 Machinery and Equipment Serving the Main Engine MAN B&W
7STOME-C

Flow velocities of working fluids in the ship systems of MV NUNAVIK required
for pipeline diameter calculations:

— fuel in the transfer system — 1.6 m/s,

— fuel in the supply (booster) system — 1.3 m/s,

— lubricating oil in the circulation system — 2.6 m/s,

— cooling water in the cooling systems — 2.7 m/s,

— water in the sanitary systems — 3.2 m/s.
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2.4.1 Fuel system

Designed for receiving, storing, pumping, cleaning, heating, and supplying fuel to
main and auxiliary engines and boilers, as well as for pumping it ashore or to another
vessel.

The MAN B&W 7S70ME-C diesel engine is designed to operate on heavy fuel
grades, for which the ship's power plants are equipped with a special fuel preparation
system. The system includes heavy fuel and diesel fuel separators, steam heaters
equipped with thermostats, heavy fuel and diesel fuel storage and consumption tanks,
and coarse and fine filters. Each separator has two paired fuel pumps (for injection and
pumping). The tanks of the prototype vessel MV NUNAVIK are equipped with a steam
heating system. The fuel is pumped to the settling tank, where, after settling for 20 to 24
hours, it is pumped to the heater, then to the separators, and then to the consumption
tank. From the consumption tank, the fuel is fed by fuel transfer pumps through the
heater to the main engine MAN B&W 7S70ME-C. The fuel system also includes pumps
for transferring fuel from one tank to another.

Fuel tanks. The capacity of each of the two settling tanks and two heavy fuel ser-
vice tanks V,,, is selected based on the calculation of ensuring the operation of the main
engine MAN B&W 7S70ME-C over time z; = 24 hours.

Vo= (Qe * 10)/pm

Ve = (3580- 24)/ 960 = 89,5 a/°,
where p,, is fuel density, kg/ m°.

For heavy fuel assumed p,, = 960 kg/ m®.

The volume of each of the two diesel fuel storage tanks is assumed to be equal to
80% of the volume of the two heavy fuel tanks, i.e., 71,6m°.

The supply of simultaneously operating fuel separators is calculated based on the
condition of separating the daily fuel consumption for 7., from 8 to 12 hours.

Qc = Veu/Ten.

Q. =89,5/12 = 7,46 /200
where 7., assumed as 12 hours.

Purifiers. We install two heavy fuel purifiers and one diesel fuel purifier. The die-
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sel fuel purifier is accepted as the same for standardization. We select separators based

on supply [22].
The fuel transfer pump must ensure that fuel is pumped out of the larger main

storage tank Vv, for the time t_, =4 hours. At the same time, it must ensure the transfer

of at least the daily fuel consumption by the main engines for the time t, = 6 hours.

For the selected prototype vessel, the storage tank has a volume of V, = 500 m®.

Ql-m 2 V3 /Tsidx
Q,, >500/4=125,0 m*hour,

Q}m 2Vem/’CZ '
Q,, > 89,5/6> 14.9 m*/hour,
where Q_, is fuel transfer pump supply, m*/hour.

Pressure delivered by the pump H,, equals 0.4 MPa.

The power consumption of the fuel transfer pump drive motor is determined by the
formula:

P= 3(36—':’1 KW
where Q is pump supply, m*hour;

p is pump delivery pressure, MPa;

n is pump efficiency.

For screw pump 1 from 0.75 to 0.85. We assume = 0,8.

P=(125,00,4)/(3,6:0,8)=17,4 KW.

There should be two fuel transfer pumps with independent drives, one of which is
a backup.

The diesel fuel transfer pump is the same as the heavy fuel pump.

The fuel transfer pump flow rate is calculated using the following formula:

Qun = (Ko *Oe)/pm

Q,..= (3-3580)/960 = 11,2 m*/hour
where K, can be taken in the range from 2 to 5. We adopt K;,, = 3.

P... 1S the pressure developed by the pump for the MAN B&W 7S70ME-C engines
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Is taken in the range from 0.25 to 0.50 MPa. we adopt p,, = 0.30 MPa.

The power consumption of the drive motor of the fuel booster pump is determined
by the formul:

P= (11,2 -0,30)/(3,6-0,8)= 1,165 kW .

for the drive motor of the fuel booster pump, we assume n = 0,8.

Heavy fuel heaters provide heating to the required viscosity. Steam shell-and-tube
heaters are used.

Heat amount q,,, which is supplied to the fuel to reach the temperature at which the
fuel will have the required viscosity:

U= Qui * Pm ~Cn " (T2~ T1)

Q. =11,2-960 - 1,8 - (353 -310) = 832205 kJ/hour,
where ¢, is specific heat capacity of fuel, from 1.68 to 2.1 kJ/(kg-K);

T1 is initial fuel temperature (approximately 310 K);

T, is final fuel temperature, corresponding to the viscosity of the fuel used, re-
quired for this engine (approximately from 2 to 2.5 ° E), according to the rules of the
Registry.

T, <T. — 10 °C. Flash point T, for viscous fuels is in the range from 60 to 110 °C.

Heat exchange surface area of the fuel heater:

Am = Qul (K ATr),

A = 832205/(1000 - 68,5) = 12,15 1/,
where k,, heat transfer coefficient, can be accepted 1000 kJ/(m*hour-K).

AT, —thermal head in the heat exchanger.

AT = Ts— (Ty + To)I2.

ATw=400 - (310+353)/2 = 68,5 K
where Ty is steam temperature at operating pressure, 75 approximately from 390 to 400
K. We assumed 75 = 400 K.

We choose a heater based on its heat exchange surface area [22].

2.4.2 Lubrication system of the MAN B&W 7S70ME-C engine

It consists of a circulating oil system and a cylinder lubrication system. The circu-
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lating lubrication system supplies oil to the rubbing surfaces and also cools the pistons.

The system consists of oil storage tanks, waste tanks, oil circulation pumps, filters,
separators, and oil coolers.

Capacity of main lube oil storage tanks for circulation system V,,, is taken based
on the specific consumption of circulating oil b,,,,, which is compiled for the LSE

0.0002 kg/(kW'-hour), with a 20% voyage reserve.

Vs = 1,2°by0 2Ne T/ pa

V., =1,2-0,0002 -21700 - 1200 /867 = 7,21 m®,
where z,, — duration of operation of the main engine MAN B&W 7S70ME-C in a calcu-
lated voyage, hours. Assume for the prototype: 7., = 1200 hours.

p, is oil density equal to 867 kg/m®.

V,., with a 20% reserve for the voyage equals 3,4 m®.

Cylinder oil storage tanks capacity:

V5= by - ZNe - .0/ pa

V,;=0,0005 - 21700 - 1200 /867 = 15,0 .
where b, is pecific consumption of cylinder oil, depending on the type of engine, for
MOJ] MAN B&W 7S70ME-C: from 0.4-10° to 0.7-10° kg/(kW-hour). We assume b,
= 0.0005 kg/(kW-hour).

Circulation oil pump

Circulation oil pump flow rate:

Q. =(1399650+7339000)/(3,0-867-8) = 420,0 m*hour,

M.H

where c,, is heat capacity of oil, can be assumed to be 3 kJ/(kg-K);

0. 1S heat of friction removed by oil, ki/kg;

Q. iIs heat that oil receives from the piston, kJ/kg;

AT, is difference between oil temperature at the outlet and inlet of the engine
MAN B&W 7S70ME-C can be assumed 8 K.

Qup=3,610° " Ne-(1= 11,)/1,1

Qup =3,6-10°-0,43-21700-(1-0,96)/0,96 = 1399650 k/hour.
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where a,,, is the proportion of heat generated by friction and carried away by oil from

0.4 to 0.45. We assume a,,, = 0.43;

. 1S the mechanical efficiency of the main engine MAN B&W 7S70ME-C is
equal to #,, = 0,96.

0. = an'q

. = 0,05-146780000= 7339000 kJ/hour.
where a, is part of the heat transferred from the piston to the oil for MAN B&W
7S7T0ME-C, from 0.04 to 0.06. We assume a,, = 0.05.

The power consumption of the circulation oil pump drive motor is determined by
the formula:

P=(420,0-0,25)/(3,6-0,85)= 34,3 KW

We assume for the drive motor of the circulation oil pump n = 0,85.

P 1S pump delivery pressure, from 0.2 to 0.4 MPa.

We assume p,,,, = 0,25 MPa.

Lube oil volume in the system:

Vie = Qudz.

V,..=420,0/10=142,0 v°,
where z is circulation rate, hour when turbocharge above 40% z= 10.

Waste oil tank capacity

Vo =r Ve

V., =1,25-42,0 =52,5m°,
where r is foaming coefficient, which is from 1.2 to 1.3. We assume r = 1.25.

Lube oil purifier

Lube oil purifier feed

Qie= Va/ Tear

Q,..=42,0 /8 =5,25m*hour,
where z,,, is time required to treat all oil in the system, t., from 4 to 8 hours. We assume
T.w = 8 hours.

We select an oil separator based on the supply rate and also install one spare of the
same type [22].
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Oil cooler heat exchanger surface:

qmp + qn 2
=, m
! k.w ) ATw

A =(1399650+7339000)/(1000-12)=437 m’,
where AT, is difference between the average temperature of oil and seawater in the
cooler, K (AT, = 12 K);

k_ is heat transfer coefficient, from 500 kJ/ (m?-hour-K) to 1000 kJ/ (m*-hour-K).
We assume k_ = 1000 kJ/ (m?-hour-K).

We install two coolers, each with a surface area of 60% of the total, i.e., 265 4.

Lube oil transfer pump

The oil transfer pump capacity must be sufficient to transfer oil from the main
storage tanks to the circulation system within z,, from 0.5 to 1 hour:

Qun=Vae/ T s

Q...=42,0 /1=42,0 u*/200.

Oil should be supplied from the main storage tanks to the circulation system con-
tinuously z,, = 1 hour.

The nominal power of the oil transfer pump drive is equal to:

P=(42,0-0.2)/(3,6:0.8)=2.92 kW.
P 1S pump delivery pressure, taken from 0.2 MPa to 0.3 MPa; We assume H,,, = 0.2
MPa.

We assume the efficiency of the oil transfer pump 1 = 0.8.

2.4.3 Cooling system of the MAN B&W 7S70ME-C engine

Sea water pumps

Sea water pumps are used to pump seawater through water coolers, oil coolers, and
charge air coolers. Seawater is used to dissipate frictional heat q,,, heat transferred
through liners, covers q,, heat transferred from pistons q,, and the heat of the turbo-
charged air g,..

Heat transferred through liners and covers and cooled by fresh water:
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Oy=ayq,
q,=0,11 - 146780000 = 16145800 kJ/hour;
where a, is part of the heat transferred from liners and covers; the value a, varies from
0.1to 0.14 for LSE.

Fresh water pump delivery:

9,
¢ ) pn.@ ) ATn.e

n.e

Q.. =

Q,. =16145800/(4,2-10-1000) = 384 1%/ 200,
where ¢, , is heat capacity of fresh water, we assume 4.2 kJ/(kg-K);
p,. Is The density of fresh water is approximately equal to 1000 kg/ m®;
AT, . is the difference in temperature between the fresh water at the inlet and out-

let of MAN B&W 7S70ME-C engine, which is usually in the range of 6 to 10 K.
Nominal power of the fresh water countour water pump drive:
P=(Qy.c' Pns)/(3.6- ),
P=(384-0,3)/(3,6:0,9)=35,6 kW.
where p, , is delivery pressure, assumed from 0.2 to 0.4 MPa;
We assume p,,, = 0.3 MPa;
We assume the efficiency of the piston pump to be equal to » = 0.9.

The sea water pump delivery is determined by the formula:

Q :qu+qmp+r.qn+qn
- c3.8 ) p3.8 ) AT38

Q.= (16145800+1399650+(0.6-5871200)+7339000)/(4,2-11-1025) = 599.9

m®/hour.

where ¢, is heat capcity of seawater, 4.2 kJ/(kg-K);

p. . is density of seawater, assumed 1025 kg/m’;

AT, is the difference in temperature between the fresh water at the inlet and
outlet of the engine, from 10 K to 15 K; we assume A7, =11 K.

r is coefficient, assumed for turbochargers from 0.5 (with deep utilization), to 1

(without utilization). We assume r = 0.6.
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4= an " q,

g,=0,04-146780000= 5871200 kJ/hour,
where a, is the coefficient, during cooling of the pistons with fresh water, lies in the
range from 0.03 to 0.05; we assume a, = 0.04.

Oh=an"q,

,=0,05-146780000=7339000 kJ/hour,
where a, is the proportion of fuel heat removed by cooling water in air coolers.

We assume ps = 0.3 Mpa and a, = 0.05.

We verify the correctness of the calculation of the sea water pump delivery using

an approximate relationship:

Qe ~(0,035..0,045),

Ne
?\I _599.9 /21700 =0.0276.

e

That is, the value obtained satisfies the above dependence. The calculation of the
seawater pump delivery is correct.

Nominal power of the sea water pump drive:

P =(599.9 -0.2)/(3,6:0,9)= 37,0 KW
where p., — pup delivery pressure, from 0.2 to 0.4 MPa;

We assume p,, = 0.2 MPa;

We assume the efficiency of the piston pump to be equal to » = 0.9.

Water cooler

The surface area of a water cooler is calculated using the formula:

A = Q/(K, AT),

A... = 16145800/(5000-15) =215,3 m’.
where AT, is difference between the average temperature of fresh water and sea water in
the cooler, K;

k, — heat transfer coefficient, we assume 5000 kJ/(m*-hour-K).

We choose a water cooler for the surface plane.

AT, =T, - T, K.
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T, is feed water temperature, accepted from 310 K n0 350 K;

We assume 7, = 320 K.
T,, is temperature of sea water, assumed 7, = 305 K.
AT, =320...305 = 15 K.

2.4.4 Compressed air system

The system provides compressed air at specific pressure for starting and reversing
the main engine MAN B&W 7S70ME-C and starting auxiliary diesel engines. The
system includes starting air compressors and starting air cylinders.

Amount of compessed air Vg for n, engine starts:

Vg =n,bg 2V,
where n, is minimum number of consecutive starts in forward and reverse that the
system must provide; accepted for reversible motors n, > 12.

bg is specific consumption of free air per 1 m° cylinder’s volume; assumed for LSE
from 4 to 6, we assume bg = 5.

2 Vs is working volume of the engine's starter cylinders.

The working volume of the engine cylinders is calculated using the following
formula:

XVi=(n-d s n)l4,

XVe=(3,14 - 0,70 - 2,8- 7)/4 = 10,8 »°,
where D is cylinder’s diameter, m;

S is piston stroke, m;

N is number of cylinders.

Total volume of air cylinders:

2V5=\Ng * Po/(Duax = Priin)

V5 =646-0,1013/(3,0-1,0) = 32,7 M,
where p, ... IS maximum air pressure in the cylinder, from 2.5 MPa to 3.0 MPa; we as-
sume p,.., =3.0 MPa.

Pyin 1S Minimum air pressure at which the engine can be started, from 1.0 MPa to

1.5 MPa; we assume p,,i» = 1.0 MPa,
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pe Is free air pressure; we assume pg =0.1013 MPa.

At least two standard air cylinders must have a total volume close to X7, we assume
XV;=34m’,

The selection of air cylinders for a diesel generator is done in a similar manner.

The total output of the compressors must ensure that the cylinders are filled in 1
hour, starting from atmospheric pressure to the pressure p,..

Q= 2V5(Prax~ Priin)/PB:

Q.= 75 - (3,0-1.0/0,1013 = 147,2 m*hour.

If it is necessary to ensure that the vessel's horn operates for at least 6 minutes
while maintaining the ability to perform 12 consecutive starts, the cylinder volumes are

increased accordingly.

2.4.5 Gas release system

The system includes an exhaust pipe, muffler, spark arrestor, and waste heat boiler.

Amount of gases emitted from the engine:

Q.=10"N.,,

Q.=10-21700 = 2170 %200,
where N, is effective power of the main engine, kW.

Exhaust pipes are made separately for each engine. The diameter of the pipes is
determined based on the speed of the exhaust gases.

For two-stroke internal combustion engines, the diameter of the pipes is equal to:

d,, =12-\N,.

d, =12-/21700 = 1768 mm.

2.5 Mechanisms and devices of general ship systems

2.5.1 Firefighting system MV NUNAVIK
The total flow rate 2Q of stationary fire pumps must be at least:
20 =k m’
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20 = 0,008 - 175.1%>= 245,4 m*/hour.

m=168- /L, (B, +H,)+25,
m=1,68\ (188.8-(26.6+15.7))+25=175.1,

where L. is ship length, m,

B. is ship width, m,

Hs is height of the side to the bulkhead deck at midship, m,

k — coefficient, for MV NUNAVIK, we take k = 0.008.

Nominal power of the fire pump drive:

P=(20 - p)/(3,6'n)I2,

P=(245,4 1,0)/(3,6-0,93)/2= 36,6 KW
where p is pump delivery pressure, accepted in accordance with the requirements of the
Register, MPa;

n is pump efficiency, we assume equal 0.93.

There are two stationary fire pumps. The pressure at the location of any hydrant is
assumed to be p = 0.30 MPa.

Fire pumps can be sanitary, ballast, bilge, and seawater pumps, provided that their
flow rate and pressure meet the design requirements. These pumps cannot be used to

pump petroleum products, oil, or other flammable liquids.

2.5.2 Bilge system MV NUNAVIK

Bilge system pumps are used to remove water from the engine room bilges,
propeller shaft corridors, cargo hold bilges, and can also be used to pump ballast from
the aft peak and forepeak.

Bilge pumps can serve as ballast pumps in cases specified by the Register's Rules.

Pipeline diameter d,. is calculated using the formula of Register:

dy. =168 /L, (B, +H,) +25,

d,. =1,68 (188.8:(26.6+15.7))+25=175.1 mm,
where L. is ship length, m,
B. is ship width, m,
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Hs is height of the side to the bulkhead deck at midship, m,

The total flow rate of drainage pumps must be no less than the total flow rate of
fire pumps.
The flow rate of drainage pumps is calculated based on the flow velocity of fluid in

the pipeline. v,, > 2 m/s..

n-d?

=3600-——= v, .
QOC 4 OH

Q,. =3600 - (3,14-0,175%)/4 - 2.5 = 216.4 m*lhour.

Nominal power of the bilge pump drive:

Poc= (Qoc " Pon)/(3,6°17),

P,.=(216.4 -0.3)/(3,6:0.9)=20.0 kW,
where p,, is the pump delivery pressure is in the range from 0.2 MPa to 0.3 MPa; we
assume p,,, = 0.3 MPa;

Pump efficiency n = 0.9.

The number of pumps shall be no less than two. A ballast pump or other pump

with the required flow rate may be used as one of the independent pumps.

2.5.3 Ballast water system MV NUNAVIK

The system is designed to fill and drain ballast tanks.

The ballast pump delivery must be such that all ballast tanks are drained within 4
to 10 hours, depending on the size of the vessel.

According to the Register Rules, the internal diameter of the ballast pipeline doc is

calculated using the formula:

d, =18-3\,, .

d_ =18 372258 =236 mm,
where V,, is the volume of the largest ballast compartment is determined based on the
data of the prototype vessey, V., = 2258 m®.

The flow rate of ballast pumps for a given pipe diameter is determined by the

speed of water flow in the pipeline v, > 2 m/s.
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2
n-d,

Q;, =3600- =7 v,

Q,, =3600-(3,14:0,236%)/4-2,5 = 394,0 m°/hour,

where v, is working flow speed.

For ballast water system v;. = 2.5 m/s.

Nominal power of ballast pump drive:

Ps.= Qs * Ps)/(3,6'1),

Ps =(394,0-0,3)/(3,6:0,78) = 43,0 kW.
where pg, is pump delivery pressure, from 0.2 MPa to 0.3 MPa; we assume p;, = 0.3
MPa.

Pump efficiency equals to » = 0.78.

Reserve cooling pumps, fire pumps, and drainage pumps can be used as ballast

pumps.
2.6 Ventilation system MV NUNAVIK

The supply of air blowers that provide ventilation of living quarters is calculated
based on the condition of supplying each crew member or passenger with 33 m*/hour to
50 m*/hour of air.

The ventilation system for the engine room is designed to ensure the operation of
the main engines in storm conditions with the engine room closed.

According to the prototype, the ship has 21 crew berths and 2 spare berths. Thus,
to ensure full human occupancy of the ship with a total of 23 crew berths, the total air
supply is equal to:

Q, =40 - 23 = 920.0 m*hour.

Air supply required for the operation of machines and mechanisms in the engine
room:

Quo=ag - Go - Q.lps,
Q,.=2.5-14-920.0/1.29 = 24961 m*/hour.

Where a4 — air residue coefficient during fuel combustion in the engine. For the MAN
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B&W 7S70ME-C engine, we assume ag = 2.5,

Go — mass air flow per 1 kg of fuel,

pp — air density at barometric pressure.
2.7 Sanitary systems MV NUNAVIK

2.7.1 Drinking water system MV NUNAVIK

Drinking water is stored in reserve tanks located outside the double bottom. Water
is pumped from the reserve tanks to the hydrophores. The volume of the pressure tank is
assumed to be 0.2 times the daily consumption.

The drinking water pump supply is determined based on the calculation of
consumption per person per day from 10 | to 40 | of drinking water.

Thus, based on the maximum human capacity of the vessel, the daily consumption
from the drinking water tank is equal to:

Quus = (23 -40) - 0.2 = 1.84 m".
Nominal power of the drinking water system pump drive:
Pus= (Quus * Pne)/(3.61),
P,.= (1.84:0.7)/(3.60.75) = 0.48 kW.

Where p,, — pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,, = 0.7
MPa.

Pump efficiency equals to » = 0.75.

2.7.2 water system for sanitary and domestic needs MV NUNAVIK
Water consumption for sanitary and domestic needs averages between 100 and 200
liters per person per day. Determining the water supply for sanitary and domestic needs
Is similar to the previous calculation.
Ve = Quue = (200 - 23) - 0.2 = 9.20 m°.
Nominal power of the pump drive:
P.n=(9.20-0.7)/(3.6-0.7) = 2.56 kW,

where p.,., — pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,, = 0.7
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MPa;

Pump efficiency equals to » = 0.7.

Water consumption for sanitary and domestic needs averages between 100 and 200
liters per person per day. Determining the water supply for sanitary and domestic needs
is similar to the previous calculation.

Ve = Quue = (200 - 23) - 0.2 = 9.20 m®.
Nominal power of the pump drive:
Pow=(9.20-0.7)/(3.6:0.7) = 2.56 kW,
where p.,., — pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,, = 0.7
MPa;

Pump efficiency equals to » = 0.7.

2.7.3 Seawater system for sanitary and technical needs MV NUNAVIK
To calculate the pump flow rate, the water consumption for sanitary and technical
needs is taken as 2030 liters per person per day. The pump flow rate is determined in
the same way as in the previous calculation.
Vise = Quue = (30 - 23) - 0.65 = 4.49 m®,
Nominal power of the pump drive:
Pown=(4.49-0.7)/(3.6:0.74) = 11.78 kW.
where p.,., pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,,, = 0.7
MPa;
Pump efficiency equals to = 0.74.
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3 POWER AND FUEL CONSUMPTION COMPARISON OF TWO

SHIPBOARD INERT GAS GENERATION SYSTEMS

3.1 Characteristics of compared inert gas generators

3.1.1 The Nitrogen Generator of Inert Gas

The Nitrogen Generator model NCI type approved by DNV (produced by Air
Products AS) was chosen for analysis. The operational principle is based on membrane
separation. This PRISM® Nitrogen system, based on PRISM® membranes, allows for
continuous on-site production of pure and dry nitrogen from air that can cover various
purposes [23].

Nitrogen generation is based on the following processes. Compressed air is fed to
the Filter & Control Unit and passes through a filter-package which will protect the
membranes from harmful particles and oil and water condensate. The air then passes
through a heater (electric or heat exchanger type), which will raise the air temperature
by min. 5°C to approx. 50°C. The heated air is now fed from the Filter & Control Unit
to each Membrane Bank and then to each individual membrane separator. The nitrogen
product exiting the membrane modules is collected in a manifold and fed back to the
Filter & Control Unit. The Filter & Control Unit is equipped with an oxygen analyser
that will continuously monitor the oxygen content in the nitrogen product. Should the
oxygen content, for some reason, rise above the design value, an alarm will be initiated.
If the nitrogen consumption is lower than the design, the backpressure in the distribu-
tion lines will build up and give a lower product flow. A lower flow in the tum will re-

sult in higher nitrogen purity, i.e. less oxygen in the product.
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Fig. 3.1 Prism Membrane Principle

The presented scheme Figs. 3.2-3.3 illustrates a typical shipboard nitrogen
generation system consisting of dual feed-air compressors supplying conditioned
compressed air to a membrane-type nitrogen generator (Cabinet Model NC2.1). The
system separates the wet and dry service sections, with compressed air routed through
filtration, cooling, and control valves before entering the nitrogen cabinet, where
oxygen-lean permeate is discharged and nitrogen product is delivered to the cargo-tank
supply line or an optional nitrogen receiver. The diagram also shows recommended
feed-air piping, deck-area arrangements, hazardous-zone boundaries, isolation valves,
and instrumentation required for safe operation. The schematic is generic and intended
to represent the principal process flow and installation considerations rather than
project-specific details.

The scheme Fig. 3.4 illustrates the nitrogen distribution line, venting arrangement,
DBB valves, non-return valves, deck isolation, vapor return lines, cargo hold
connections, high-velocity vent head, vacuum relief valves, and operational parameters.
It provides piping layout for No.3 cargo hold, Jet A tank, and slop tank with capacity

data.
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Pipe, Flanges and Valves made of reccomended material N2 VentLine
To be of reccomended material untl 2 meters from first bend

Fig.3.4 Example of correct pipe routing and material selection

Operating Modes and Working Parameters of the Nitrogen Generation System

This section provides an extended, engineering-grade description of the operating
modes of the membrane-based nitrogen generation system (Air Products NC2.1). Each
operating mode is characterized by nitrogen purity, delivery direction, pressure control
logic, working parameters such as pressures and flow rates, and typical operational
applications.

Extended characteristics of the system operation in all possible modes are given in
Table 3.1. The main characteristics of the main operation modes for future analysi are
presented in Table 3.2.

The nitrogen-generation system employs a KAESER DSDX 305 screw
compressor. This compressor supplies compressed air to the membrane nitrogen
generator. According to the manufacturer's manual (KAESER DSDX 305/14 bar,
Assembly and Operating Manual), the compressor delivers compressed air at a
controlled discharge pressure up to 14 bar. It operates with modulating or load/unload
control modes and requires adequate cooling and ventilation.

Key compressor features include oil-injected screw compression, SIGMA
CONTROL 2 onboard automation, and compatibility with external or internal
modulation control. The compressor is designed for continuous operation under

shipboard industrial conditions. Main Compressor Specifications presented in Table 3.3.
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Table 3.1. Operating Modes and Working Parameters of the Nitrogen Generation

System
Nz Delivery | Pressure _ _ _
Mode ] . Working Parameters| Typical Operations
Purity | Direction | Control
02<5% vol.;
Deck L
N: flow = 925 Main inerting,
pressure , _
IG Mode — Cargo tanks -equlation Nm?3/h max; topping-up during
Cargo ~95.4% |via |G main vig DBB tank pressure >100 |loading/discharging,
Tanks line mmWG,; maintaining positive
valves and _
feed air 7-10 bar;  |pressure
PCV ,
air heater ~50°C
02<5% vol.;
flow rate variable L
System Pre-inerting,
IG Mode — 0-100%; .
Buffer tank |pressure stabilizing IG
Buffer Tank buffer pressure 0.1—
~95.4% |or cargo  |controlled reserve, pressure
/ Cargo ) 0.2 bar; _ _
holds via i buffering during
Holds automatic _
PCV-8.91 operations
turndown;
feed air 7-10 bar
02<0.1% vol.;
Automatic [reduced N2 flow i
) ] Operations
High-Purity Buffer tank |start/stop  |(=10-35% of ..
, _ _ requiring ultra-low
Mode — ~99.9% |(high-purity|based on  [nominal); ,
. O: content, purging
Buffer Tank storage) pressure  |feed air 10-12 bar; .
sensitive systems
schedule  |membrane AP
optimized for purity
.. .. |Flow limited by
Atmos- Ventilation _
) blowers; Gas-freeing, tank
_ |pheric |Cargo tanks|pressure _
Fresh Air | . tank pressure kept |preparation for
air for maintained ] ) _
Mode o o near ambient; inspection or
(=21% |ventilation |within safe )
. ensures <1% LFL |maintenance
02) limits

before entry
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Table 3.2. Performance data of membrane nitrogen generator in main modes

Mode 1 Mode 2 Mode 3 Mode 4
Inert Gasto | Inert Gasto | N:to Buffer Fresh Air
Cargo Tanks | Buffer Tank Tank Mode
Fresh air flow
Capacity — Nitrogen per SetPoint =
925 925 110 900 (from
Flow, nm*/h (
control
setpoint)
N, purity (N,+Argon), .
95.4 95.4 g9 g | Malfreshair,
vol % ~21% 0O>)
N, Dew Point (at atm.
-60 -60 -60 Ambient
Pressure), °C
Controlled
Outlet Pressure, kPa 21 20 (PCV_'8'91 700 (cargo tank
regulation) pressure
regulation)
Outlet Temperature
50 50 50 <50

(max), °C

Table 3.3 Main Compressor Specifications

Parameter

Value

Model

KAESER DSDX 305

Rated Working Pressure

14 bar

Free Air Delivery (FAD)

25.15 m*/min (=1509 m*/h)

Installed Motor Power

141 kW

Cooling

cooled

Oil-injected, air-cooled or water-

Control System

SIGMA CONTROL 2
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3.1.2 The Alfa Laval Smit Combustion inert gas system

For comparison, the Alfa Laval Smit Combustion inert gas system was chosen,
which consumes the MDO (DMB or DMC) as fuel [24]. The special burners of the Ul-
tramizing system ensure inert gas production with low NOx emissions and no soot.
Quiality is further assured by sprayer systems that avoid creating salt crystals through
water evaporation.

The Smit Combustion system is a low-pressure, combustion-based system for
producing inert gas. Using the unique Ultramizing® system, it produces soot-free inert
gas with an oxygen content of 2-4%, even when below stoichiometric conditions. To
save fuel, it can also be equipped with an Alfa Laval Automatic Fuel Efficiency Module
(AFEM).

Table 3.4 Main characteristics of Alfa Laval Smit Combustion inert gas system

Capacity: 1000-20,000 m3/h
Design: Combustion
Pressure: 0.15 or 0.25 bar(qg)
Typical oxygen content: 2-4% (varied by user)
Fuel type: DMA, DMB, DMZ
Fuel atomizing: Air

Dew point: Saturated

On a typical product tanker, the inert gas system operates around 750 hours per
year. To avoid costly delays and penalties, it must work whenever needed, despite con-
tinuous exposure to high tempera tures and seawater. This is why Alfa Laval uses dura-
ble materials and best-quality components, and why we back up our inert gas systems

with proven main tenance solutions.
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Fig. 3.5 The Alfa Laval Smit Combustion inert gas system: general view of the installa-

tion

Alfa Laval also values fuel efficiency, which is important for both your tanker’s
economy and the environment. The Smit Combustion system prevents the loss of inert
gas through the water discharge, so that the fuel you burn does not go to waste. This is a
unique feature among inert gas generators. Still more fuel is saved by the Automatic
Fuel Efficiency Module (AFEM), which constantly adjusts the production to current
needs. Only the right amount of inert gas is produced, with the AFEM regulating the
fuel quantity to compensate for ambient factors and keep the oxygen percentage stable.

Inert gas quality is important as well. If the tank is dirtied by soot, you risk extra
cleaning that slows you down — or rejections and claims that cost you money. This is
why the patented Ultramizing® combustion system is at the heart of every Smit Com-
bustion system. The special burners of the Ultramizing system ensure inert gas produc-
tion with low NOx emissions and no soot. Quality is further assured by sprayer systems

that avoid creating salt crystals through water evaporation.
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3.2 Membrane Generator and Combustion Inert Gas Generator:

methodology of power and fuel concumption calculation and analysis

3.2.1 Membrane Generators

This section describes how the air supply delivered by the screw compressor is
related to the nitrogen production rate of the membrane-based inert gas generator. The
analysis is presented in two forms:

(1) a simplified engineering model based on a membrane recovery factor,

(2) a physically grounded oxygen-balance model.

Simplified Engineering Model

Membrane nitrogen generators exhibit a direct relationship between the amount
of compressed air V’NZ supplied and the nitrogen product flow \/air. This relation can be

approximated by introducing a membrane recovery factor ¢, defined as:

vy,

V

air

(P:

Thus, the required air flow rate is:

Vv, :VN2
air ©

Typical recovery values for commercial membrane systems are:

¢ =0.6...0.7 for N2 purity = 95.4%,

¢ =0.25...0.35 for N2 purity = 99.9%.

These values reflect the fact that higher nitrogen purity requires a larger purge
flow and thus more air feed.

Oxygen-Balance Model (Physically Consistent). A more rigorous model can be
derived from an oxygen balance across the membrane module.

Let the variables be defined as follows:

F — feed air flow (Nm?/h);

P — nitrogen product flow (Nm?3/h);
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W — oxygen-rich permeate flow (Nm*/h);

X¢ = 0.21 — oxygen mole fraction in feed air;

Xp — 0xygen mole fraction in nitrogen product;

Yp — O0xygen mole fraction in permeate (ermeate is the gas stream that passes
through the membrane material due to its higher permeability), typically 0.3...0.4.

Mass balance:

F=P+W

Oxygen balance:

Fx; =Px, +Wy,.

From there we obtain:

F(X —y,) =P, —Y,).

F %Y, _ o F
P X =Y, Xo =Y

This ratio directly provides the air consumption per unit of nitrogen product as a

function of purity. For example, with:

X = 0.21.
X, = 0.046 (95.4% Na).
Y, =0.35.

F _0046-035

P 021-035
Thus, the compressor must supply approximately 2.2 Nm? of air for each Nm? of
nitrogen produced.

Below provides an empirical table of recovery values (¢) for membrane nitrogen
generators as a function of nitrogen purity. The data are synthesized from typical
performance curves published by the three major membrane module suppliers: Air
Products PRISM® membranes [25], GENERON® hollow-fiber membrane systems

[26], and Parker Hannifin nitrogen generators [27].
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Table 3.5. Empirical Recovery vs Nitrogen Purity [25-27]

Nitrogen Purity Typical Air-to-N: Ratio O2 in Product

(%) Recovery ¢ (F/P) (%)
90% 0.65-0.75 1.3-1.54 10%
95% 0.55-0.65 1.54-1.82 5%
98% 0.40-0.50 2.0-2.5 2%
99% 0.30-0.40 2.5-3.3 1%

99.5% 0.20-0.30 3.3-5.0 0.5%

99.9% 0.08-0.15 6.7-12.5 0.1%

These values reflect typical membrane behavior: recovery decreases as nitrogen
purity increases, resulting in a significant rise in the required air-to-nitrogen ratio. This
trend matches published performance curves from industrial membrane suppliers [25-

27].

Table 3.6. Recommended Values for Engineering Calculations

Purity (%) Recommended ¢ Recommended F/P
95.4% 0.60 1.67
99.9% 0.12 8.33

These recommended values correspond closely to mid-range performance of Air
Products PRISM® PA-series and GENERON® GN-series membrane nitrogen
generators. They may be used in compressor sizing, power estimation, and air

consumption calculations in marine nitrogen generation applications.

Compressor Power Relationship
Using the airflow relation, the compressor power can be expressed as:

V.air
P, =P + (P = Pae) 'V

air,full
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P,. is idle Power (idle is the operating condition of a compressor in which the motor

runs but no useful work is performed). Typically P, =~ 25-30% of full-load power.

Combining the membrane model with the compressor characteristics yields a
complete analytical framework for power consumption as a function of nitrogen purity
and output:

1V
vair,full (P(CNZ)’

or, using the oxygen-balance model:

P, = Bae + (Prun = Paie) -

1 F\;
Py = Paie + (P = Pae) 5 (_)VNZ :

air,full P
This formulation allows to construct performance curves, sensitivity analyses,
and energy-efficiency comparisons between membrane nitrogen generators and
combustion-type inert gas generators.
If the volumetric flow rate of air entering the compressor is known, the mass flow
rate of air can be calculated from the ideal gas relation:

m= plvl = %V'l’
1

where m is mass flow rate of air, kg/s; V is volumetric flow rate at inlet conditions
m?®s; p, is inlet absolute pressure, Pa; T, is inlet temperature, K; R is specific gas
constant for air; p, is air density at inlet conditions

Isentropic Work of Compression. Assuming ideal-gas behavior, the specific
isentropic work required to compress air from inlet pressure p,to discharge p, is:

k-1

K
Wis: k RTl [&J _1 y
k-1 p,

where w is isentropic specific compression work, J/kg; k is heat capacity ratio (k ~ 1.4
for air); p, is discharge absolute pressure, Pa.

The ideal power required for compression is:

F)iS = rf]VVIS
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Real compressors require more power due to losses. The shaft power accounting

for the isentropic efficiency n:

mw,
— 1S
IDshaft - '

If the mechanical efficiency of the drive train is n, and the electric motor

efficiency is n,,, , the total electrical power consumption becomes:

Pshaft _ mw,

1S

T‘lmech 1"lmotor nis 1/]mech 11motor

For the purposes of this study, the following typical efficiency values are adopted

P

compr ~

for a modern oil-injected screw compressor:
— isentropic efficiency n,,=0.80;
— mechanical efficiency of the drive train ., =0.97;
— electric motor efficiency n,,,,, =0.96.

This corresponds to an overall efficiency of approximately 0.75.
These formulas allow estimation of the power demand of the compressor for any
given air flow rate and pressure ratio, and can be directly applied in the analysis of

nitrogen generation systems onboard ships.

Air preheating in a membrane nitrogen generator

Air preheating in a membrane nitrogen generator is used to keep the feed gas
temperature within a controlled range that is safe for the membranes and favourable for
separation performance. By raising the temperature of the compressed air above its
pressure dew point, the heater prevents condensation of water inside the filters, piping
and membrane modules, which would otherwise damage the membrane or cause a rapid
loss of capacity.

In addition, a moderate and stable feed-gas temperature improves the repeatability
of the separation process. The permeability of polymeric membranes to oxygen and

nitrogen is temperature dependent, so maintaining a defined temperature window
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upstream of the membrane bank helps to stabilise nitrogen purity and flow rate at a

given feed pressure.

In practice, after the compressor, aftercooler, dryer and distribution piping, the
actual air temperature just upstream of the electric heater can be significantly lower than
the compressor discharge temperature. Typical values are about 10...25 °C under
normal engine-room conditions, and in cold ambient or winter conditions the
temperature of the air entering the heater can drop to approximately 5 °C.

The required thermal power of the air heater can be estimated from the sensible

heat balance for the compressed air stream.
Q = mair Cp,air (Tout _Tin )'
where Q is the heat duty of the heater, W; m,, is the mass flow rate of compressed air,

Kals; C, i Is the specific heat capacity of air at constant pressure, J/(kg K); T, and T,

p,air
are the air temperatures at the inlet and outlet of the heater, °C.
If the air flow rate is specified in volumetric terms at the heater inlet, the mass flow

rate can be obtained from:

r‘hair = pair V

air?
where p_ is the air density at the heater inlet conditions, kg/m®; V... is the volumetric
flow rate of air at the heater inlet, m%s.

For an electric heater, the required electrical power input can be estimated by
accounting for the heater efficiency:

5 Q

heater — '
heater

where P

heater

is the electrical power, W; n,.,., IS the overall efficiency of the electric

heater (typically in the range 0.95-0.99).

Electricity and fuel consumtion during operation of the nitrogen generator
The electricity for the production of nitrogen using the Nitrogen Generator is used

for the operation of the:
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- compressor (the predominant part),

- electric heater for heating the airflow before the membranes,

- powering the control system (a small amount).

The Nitrogen Generator discussed has a water-cooled marine screw compressor
DSDX 305 (KAESER compressor) installed.

Electricity on board a vessel is produced by burning marine fuel either in the
main engine using a shaft generator or in auxiliary engines with electric generators.

The hour fuel consumption for the electricity production for the operation of the

Nitrogen Generator:
mfeI = gF'(Pcompr + I:Jheater )’

where P and P

ompr ) o ar€ the electrical power of the compressor and heater; corre-
spondently, kW; g is the specific fuel consumption of a diesel generator, kg/kWh (tak-

en 0.185 kg/kWh [2]).

3.2.2 Combustion Inert Gas Generator

This section provides a complete and rigorous methodology for determining the
fuel consumption and electric-power demand of a shipboard Combustion Inert Gas
Generator (C-IGG), assuming operation on marine diesel oil (MDO/MGO). The follow-
ing initial data are accepted.

- Required inert gas flow rate at normal conditions (0°C, 1 bar). Represents the

demanded quantity of IG delivered to the cargo tanks or deck main:

Nm*/h.

V

IG,req !
- Safety factor allowing for leakages, operational fluctuations, control-valve
malfunctions, and variations in system back-pressure:
k.. =1.05..1.15.

loss

- Lower heating value (LHV) of MDO/MGO. Represents the available chemical

energy per kilogram of fuel:
H, ~4.27-10* kd/kg .

- Excess air ratio used in combustion. A = 1 represents stoichiometric combustion;
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A > 1 signifies air supplied in excess of stoichiometric demand, resulting in oxygen in

dry flue gas:
A =1.05...1.15.

Required Final Inert Gas Flow
Final required inert gas flow:
where V, =k, -V

loss IG,req !

V. is IG flow including losses;

k

Vv

is loss factor;

loss

6.req 1S DaSE 1G demand.

Mass flow of inert gas:
V

Mg =—"2—M,,

© 22414 °

where M is molar mass of inert gas mixture (=28-30 kg/kmol);

22.414 is molar volume at NTP (Normal Temperature and Pressure - T=0
°C=273,15 K, p=1 atm=) conditions.

Stoichiometric Combustion Model for Diesel Fuel

W, W,

Ne “To ™ Wy N ~3

Moles of carbon, hydrogen and sulfur per kg of fuel.
where w,, w,, Wy are mass fractions of C, H, S;

12, 1, 32 are molar masses, g/mol.

Stoichiometric oxygen requirement, which reflects oxygen needed to fully oxidize
carbon, hydrogen and sulfur:

\Y —a+9+d—E
O,,st 4 2 !
where a, b, ¢, d are coefficients in empirical diesel fuel formula C,H,0.S.

Stoichiometric air requirement:
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vOz,st
Vairst = A aq !
' 0.21
where 0.21 is oxygen volume fraction in air.
Actual air supply based on excess air A:
Vair = }"Vair,st

Total dry flue gas moles:

Veg,dy = Veo, TVso, T Vi, T Vo,

,excess !

VOz,excess = O'21Vair - VOz,st

Dry flue gas volume at NTP (multiplies total moles by molar volume):
Vec.ay =22.414v . .

Specific volume of dry flue gas per kg of fuel:
V

__ "FG,dry

V =
FG,dry,sp '
M f

where M is molar mass of fuel, kg/kmol.

Fuel mass flow needed to generate the required IG volume:

, %
mf — IG
VFG,dry,sp

where Vg 4, 5, 1S M of dry flue gas produced per kg of fuel;

V. is inert gas flow rate.

Oxygen Content in Produced Inert Gas

Dry oxygen fraction in inert gas:

_ VO2 ,EXCESS
0, — !
VFG,dry

X

Value of X, must satisfy IMO FSS Code < 5%.

Heat Supplied by Fuel (Thermal power input from fuel):
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5 mhH, W
3600

where m; is fuel mass flow, kg/h;

H, is lower heating value (kJ/kg);
dividing by 3600 converts kJ/h — kW.

Electrical Power Requirements

The electrical power during inert gas production in a Combustion-type IGG is con-
sumed for the operation of the:

- scrubber pumps,

- gas blower after the generator,

- power supply for the control system (a small amount).

Hydraulic power of the IG blower:

Phyd,IG =Vi act AP »
where Vg ., is volumetric IG flow at actual temperature and pressure;
Ap,. is blower pressure rise.

Shaft power required by the blower:
P

_ Thyd,1G
Pshaft,IG -
bl

where n,, is blower mechanical efficiency.

Electrical power of blower motor:

P _ Pshaft,IG
el,IG —

mot

where 1, is motor efficiency.

Total electrical power consumption of all auxiliary equipment: I1G blower,
combustion-air fan, seawater/freshwater pumps.

P PeI,IG +P

el tot = el,air

+ IDeI,SW :

Similar to equation for nitrigene IG generator, the hour fuel consumption for the

electricity production for the operation of the Combustion-type IGG:
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My =0F P

el tot !

where P, . is the electrical power of the scrubber pumps and gas blower, KW.

Specific Fuel and Electricity Consumption
Specific fuel consumption per Nm?* of inert gas.
m
bf - —f .
VIG

Specific electrical energy consumption per 1000 Nm? of inert gas:

el,sp —
1G

P
e, ., =—.1000.

\Y
Total specific fuel consumption per Nm?® of inert gas.
m, +m

_ fel
ftot — V '
IG

b

All described above approaches and data is needed later to compare fuel consump-
tion per unit of inert gas the IGGs produce.

3.3 Membrane Generator and Combustion Inert Gas Generator: results of

calculation of power and fuel concumption and analysis

3.3.1 Membrane Inert Gas Generator

The graph illustrates the dependency between the inert gas (IG) flow rate and the
nitrogen purity achieved by the membrane separation unit used in shipboard inert gas
systems. As expected for polymeric membrane technology, the IG production rate
decreases non-linearly as higher nitrogen purity is targeted — Fig. 3.6.
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Fig. 3.6 Variation of inert gas flow rate with nitrogen purity for the membrane-type

inert gas generator

At moderate purities (90-95% Nz), the reduction in flow rate is relatively gradual:
the input of inert gas remains in the range of approximately 900—750 Nm?/h. This indi-
cates that the membrane still allows sufficiently high permeation fluxes at these driving
conditions, making these operating points suitable for routine tank inerting or maintain-
ing positive pressure in cargo tanks on product/chemical tankers.

However, as nitrogen purity increases beyond approximately 97%, the decline in
flow rate becomes substantially steeper. At 98-99% N2, the inert gas output drops to
500-200 Nm?*/h, reflecting the intrinsic selectivity—permeability trade-off of membrane
materials. Achieving very high purities requires a lower stage-cut and significantly re-
duces the mass flow available at the retentate (nitrogen-rich) side.

Near 99.5-100% purity the IG flow approaches minimum practical values (~100
Nm?/h), which is consistent with the known performance limits of commercial hollow-
fiber membranes used in marine nitrogen generator systems. These operating regimes
are typically used only for specific cargoes requiring extremely low oxygen content
(e.g., certain IMO Type 1 chemicals), because the membrane unit must operate at sub-
stantially higher compressor power per unit of IG delivered.

In operational terms, the results confirm that:
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- Increasing nitrogen purity significantly increases the specific energy consumption

(kWh per Nm? IG) due to both reduced flow and higher compressor load.

- Optimal operating purity for bulk inerting is usually 95-97% N, balancing safety
requirements and system efficiency.

- For cargoes requiring oxygen content below 1%, the membrane system must op-
erate in a high-purity, low-flow regime, which must be considered in the sizing of com-
pressors and backup nitrogen capacity.

The input parameters for the membrane-type inert gas generator calculation are de-
fined as follows. The feed-air flow rate supplied to the membrane module is 1509
Nm?/h. The feed-air pressure at the module inlet is O bar gauge (atmospheric), while the
discharge pressure at the module outlet is 10 bar gauge. The assumed temperature in-
crease of the air stream in heater before membranes 1s AT = 10 K. These values are used
as baseline conditions for sizing the compressor, evaluating the membrane separation
performance, and determining the energy demand of the system.

Based on the calculations performed using the methodology described above, the
following results were obtained for all operating modes of the membrane-type inert gas
generator. The required compressor shaft power amounts to 188.9 kW, while the elec-
tric heater contributes an additional 5.35 kW of power demand. Thus, the total electrical
energy consumption of the system reaches 194.3 kW. When converted to the equivalent
fuel consumption associated with electricity generation onboard, this corresponds to ap-
proximately 35.94 kg of fuel per hour.

The results obtained for all operating modes, including the corresponding electrical
power consumption and fuel demand, are summarised in Table 3.7.

The data presented in Table 3.7 clearly demonstrate the strong inverse relationship
between oxygen content in the produced inert gas and the available inert gas output of
the membrane generator. As the oxygen concentration decreases from 10% to 0.1%, the
production rate drops from approximately 980 m*/h to 121 m?®/h, reflecting the inherent
permeability—selectivity trade-off of membrane separation. Although the total electrical
power consumption of the system remains essentially constant at 194.3 kW, the

corresponding specific fuel consumption increases sharply as higher nitrogen purity is
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required. Specifically, the specific fuel consumption rises from 0.0367 kg/Nm? at 10%

O: to nearly 0.298 kg/Nm? at 0.1% O:. This indicates that achieving very low oxygen
contents becomes progressively more energy-intensive and should therefore be reserved
for cargoes that strictly demand high-purity inert atmospheres. For standard inerting
operations, moderate purity levels (1-5% O:) provide a more favourable balance

between inert gas output and specific energy/fuel consumption.

Table 3.7 The electrical power consumption and total fuel consumption required to
generate of inert gas with oxygen contents between 0,1 % and 10% with 1509 Nm?/h air

supply to generator

Total electrical Fuel -
Oxygen . Specific fuel
. power consumption for | Inert gas :
content in dry : . , consumption,
inert gas, Os, % consumption, electricity output, m*/h kg/Nm?
T kKW generation, kg/h
10 979.9 0.0367
5 829.1 0.0433
2 603.6 0.0595
194.3 35.94
1 457.3 0.0786
0.5 301.8 0.1191
0.1 120.7 0.2977

3.3.2 Combustion Inert Gas Generator

Detailed Numerical Results were obtained for 829.1 Nm?*/h IG Production.

For scrubbers in a Combustion-type 1GG system, typical power consumption is no
more than 7 kW per 1000 Nm® of gas being cleaned.

The calculation of compressor power were performed for compressing 829.1
Nm?/h of inert gas from a pressure of 0.15 bar after the Combustion-type 1GG to 0.5 bar
(for supply to cargo tanks) with an efficiency of 0.75.

The following table 3.8 summarizes fuel consumption and electrical power

consumption required to generate 829.1 Nm’/h of inert gas with oxygen contents
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between 2% and 5%.

Table 3.8 The fuel consumption to generate 829.1 Nm?/h of inert gas with oxygen

contents between 2% and 5%

O Specific d Fuel -
xyger_1 Excess pectic cry HEl mass Specific fuel | Thermal power
content in . |flue-gas volume|  flow : .
. air _ consumption, | supplied by fuel,
dry inert atio. 1 per kg of fue, | required, b ko/Nm’ Qr, KW
1 1 m 1
gas, O, % Ve, Nmikg | mukgh | "' f
2% 1.098 11.52 71.97 0.0868 854
3% 1.156 12.16 68.18 0.0822 809
4% 1.220 12.88 64.39 0.0777 764
5% 1.292 13.68 60.61 0.0731 719

Fuel consumption for producing 1000 nm® of inert gas depends on many factors
(fuel type, oxygen content in the inert gas, and others). According to the analysis of in-
formation provided by various manufacturers of Combustion-type GG, the specific fuel
consumption is 0.075...0.084 kg of MDO per 1 m® of inert gas.

As the oxygen content in dry inert gas increases (i.e., required purity becomes less
strict), the combustion process requires a progressively higher excess-air ratio A (from
1.098 at 2% 02 to 1.292 at 5% O:). This trend reflects the operational characteristic of
combustion-based 1GGs: achieving lower oxygen content in the flue gas requires tighter
control of air—fuel mixing and a lower A, while allowing higher O levels permits more
air addition.

The specific dry flue-gas volume per kilogram of fuel increases correspondingly,
rising from 11.52 to 13.68 Nm?/kg, due to greater nitrogen dilution at higher A. As a
result, the thermal power supplied by fuel decreases from 854 kW at 2% O: to 719 kW
at 5% Oa, because less fuel is required when operating at higher excess-air levels.

A key indicator—specific fuel consumption, kg/Nm? of inert gas—shows a clear
downward trend: 0.0868 kg/Nm? at 2% O and 0.0731 kg/Nm? at 5% O..

This confirms that stricter IG purity (lower O: content) is more fuel-intensive,

whereas relaxed purity requirements reduce the energy demand of the generator.
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The electrical power consumption and total fuel consumption required to generate

829.1 Nm?®/h of inert gas with oxygen contents between 2% and 5% are presented in
Table 3.9.

Table 3.9 The electrical power consumption and total fuel consumption required to

generate 829.1 Nm?3/h of inert gas with oxygen contents between 2% and 5%

Oxygen Electrical power Fuel mass flow | Total fuel |Total specific
content in | consumption (com- | required for elec- | mass flow fuel
dry inert | pressor+scruber), |tricity generation, | required, |consumption,
gas, 02, % Pe|, kW Ms ¢, kg/h M+ tot, kg/h bf tots kg/Nm3
2% 16.7 3.090 88.67 0.1069
3% 16.7 3.090 84.88 0.1024
4% 16.7 3.090 81.09 0.0978
5% 16.7 3.090 77.31 0.0932

Table 3.9 integrates the electrical power demand of the compressor—scrubber sys-
tem (16.7 kW, assumed constant) with the fuel required to produce that electricity
onboard. The fuel consumption for electricity generation remains fixed at 3.090 kg/h,
regardless of 1G purity, since electrical power demand does not vary between regimes.

Thus, the total fuel mass flow required for each operating point is the sum of fuel
for thermal generation (IGG burner) and for electrical energy production. This com-
bined fuel consumption decreases from 88.67 kg/h at 2% Oz to 77.31 kg/h at 5% O, ful-
ly consistent with the lower thermal load identified in Table 3.1.

The total specific fuel consumption decreases from 0.1069 kg/Nm?® at 2% O: to
0.0932 kg/Nm? at 5% O.. This metric incorporates both the firing demand and electrical
energy consumption, providing a holistic measure of generator efficiency.

Achieving 2% O: requires approximately 15% more total fuel than operating at 5%
O: for the same IG flow rate.

The excess-air ratio is the key driver of fuel consumption in a combustion-type
IGG.
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Lower oxygen content requires tighter A-control and more efficient combustion,

increasing fuel demand.

Electrical energy consumption contributes a smaller but fixed share of total fuel
consumption, remaining constant across all regimes.

Total specific fuel consumption decreases as permitted O> concentration increases,
improving overall operational efficiency.

For most marine applications — excluding cargoes requiring very low oxygen limits
— operating in the 3-5% O: range offers the best balance between fuel economy and

safety.

3.3.3 Comparison of Fuel Consumption of Membrane Generator and
Combustion Inert Gas Generator

Figure 3.7 presents a direct comparison of the specific fuel consumption of two
fundamentally different inert gas generation technologies—membrane-based 1GG and
combustion-type IGG — over a wide range of inert gas purities expressed via residual
oxygen content in the product gas. For the membrane system, oxygen content varies
from 10 % down to 0.1 % (corresponding to nitrogen purity from 90 % to 99.9 % N,),
while for the combustion-type IGG the range of 2-5 % O, corresponds to the normal
operating window defined by the FSS Code and manufacturer recommendations.

For the membrane generator, Fig. 3.7 shows that at relatively low nitrogen purities
(10 % O,, i.e. 90 % N,) the specific fuel consumption is as low as 0.0367 kg/Nm?®. As
nitrogen purity increases, the inert gas production rate decreases sharply, whereas the
total electrical power of the compressor and heater remains essentially constant at
Pa=194.3 KW.

As a result, the specific fuel consumption rises significantly and reaches
approximately 0.298 kg/Nm?® at 0.1 % O, (= 99.9 % N»).
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Fig. 3.7 Comparison of specific fuel consumption for membrane and combustion-type

inert gas generators at different inert gas purities

In contrast, the combustion-type IGG demonstrates a much narrower variation of
specific fuel consumption over the practical range of 2-5 % O,. According to Fig. 3.7,
the specific fuel consumption decreases from 0.0868 kg/Nm® at 2 % O, to 0.0731
kg/Nm3 at 5 % O,. This trend is associated with an increase in the excess air ratio A and,
consequently, a higher dry flue-gas volume per unit of fuel, which allows the generator
to produce more inert gas at slightly higher oxygen content.

Based on the data presented in Fig. 3.1, the following key conclusions can be
drawn:

— At moderate purity levels (2-5 % O,), the membrane IGG is significantly more
fuel-efficient than the combustion-type IGG, requiring approximately 30-60 % less fuel
per Nm® of inert gas.

— At high and ultra-high purities (< 1 % 0O,), the membrane system becomes
progressively less efficient due to the sharp increase in specific energy demand, and its
specific fuel consumption may exceed that of the combustion-type IGG by a large

margin.
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— Combustion-type IGGs maintain relatively stable efficiency but are inherently

limited to low and medium purity levels, while membrane systems provide high
operational flexibility, enabling ultra-high purity nitrogen generation at the cost of a
substantial fuel penalty.

This behaviour has a direct impact on greenhouse gas emissions, since both
systems ultimately consume marine fuel either directly (combustion IGG) or indirectly

via shipboard diesel generators (membrane system).
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4 ECOLOGICAL COMPARISON OF TWO SHIPBOARD INERT GAS

GENERATION SYSTEMS

4.1 Ecological Impact of Shipboard Inert Gas Generation Systems

The ecological impact of shipboard inert gas generation systems is directly linked
to their energy consumption characteristics and the physical principles by which inert
gas is produced. As demonstrated in Chapter 3, the combustion-type inert gas generator
(IGG) and the membrane-based nitrogen generation system exhibit fundamentally
different patterns of fuel and electrical energy use. These differences predetermine not
only their operational efficiency, but also the nature and magnitude of their
environmental footprint.

In combustion-type 1GG systems, inert gas is produced through the controlled
combustion of liquid fuel, which inevitably leads to direct emissions of carbon dioxide
(CO2), nitrogen oxides (NOy), sulfur oxides (SOx), and water vapor. In addition to their
contribution to global greenhouse gas emissions, these combustion products may
increase corrosion intensity in the inert gas main and cargo tanks and pose a potential
risk of cargo contamination, especially for chemical and high-value product tankers.
Furthermore, such systems contribute locally to atmospheric pollution in port and
coastal areas.

In contrast, membrane-based nitrogen generation systems do not involve any
onboard combustion process. Their environmental impact is therefore indirect and is
associated exclusively with the electrical power demand of air compressors and
auxiliary equipment. The resulting carbon footprint depends on the efficiency of the
ship’s diesel generators and the overall energy balance of the vessel. At the same time,
membrane systems supply high-purity, dry nitrogen, which significantly reduces the
risks of corrosion, moisture ingress and chemical interaction with sensitive cargoes.

In the context of increasingly stringent international environmental regulations,
including MARPOL Annex VI and the IMO strategy on the reduction of greenhouse gas
emissions from ships, the environmental performance of auxiliary ship systems has
become a critical factor in technical decision-making. Therefore, a comparative
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ecological assessment of combustion-type and membrane-based inert gas generation

systems is an essential complement to the energetic analysis presented in Chapter 3.

This chapter is devoted to a quantitative and qualitative comparison of the
ecological performance of the two inert gas generation concepts. The analysis focuses
on the formation of greenhouse gas emissions, the presence of toxic combustion
products, their potential impact on cargo safety and ship structures, and the overall
conformity of both systems with current and future environmental requirements of the
IMO.

4.2 Methodology of Assessment of CO2. Emissions

A guantitative assessment of carbon dioxide emissions is a key element of the
ecological comparison of the two shipboard inert gas generation systems, since CO:
represents the dominant greenhouse gas associated with ship energy conversion
processes. The formation mechanisms of CO. emissions for the two systems differ
fundamentally and follow directly from their respective energy consumption patterns, as
established in Chapter 3.

4.2.1 CO: Emissions of the Combustion-Type Inert Gas Generator

In combustion-type IGG systems, inert gas is produced by direct combustion of
marine liquid fuel in the generator burner. Consequently, carbon dioxide is formed as an
unavoidable product of the oxidation of hydrocarbon fuel. The mass flow rate of CO-
emissions is directly proportional to the hourly fuel consumption of the inert gas
generator and can be evaluated using the standard carbon conversion factor
recommended in maritime emission calculations:

mCOZ,IGG =m, - Kco2
where: M, o6 IS mass flow rate of CO- emissions from the combustion-type IGG, kg/h;
m, is fuel mass flow rate of the IGG, kg/h;

Keo, =3.114 kg CO2/kg fuel.
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Using the specific fuel consumption values obtained in Chapter 3, the

corresponding CO: emissions per unit volume of produced inert gas can be determined
as:
€co,166 =95 - Kco2

where: €., g 1S specific CO: emission per unit volume of inert gas, kg CO2/Nm?;

g, Is specific fuel consumption of the IGG, kg/Nm?.

4.2.2 CO: Emissions of the Membrane-Based Nitrogen Generation System

Membrane-based nitrogen generation systems do not involve any onboard
combustion process. Therefore, direct CO2 emissions at the point of inert gas production
are equal to zero. However, the production of nitrogen requires electrical energy to
drive air compressors, dryers, and control systems. As a result, CO. emissions are
formed indirectly through the operation of the ship’s diesel generators supplying
electrical power to the nitrogen system.

mcoz,N2 =P, -SFCpy - Kco2

where: Mg, . is indirect CO: emission rate associated with nitrogen generation, kg/h;

P, is electrical power demand of the nitrogen system, kW,
SFC, is specific fuel consumption of the diesel generator, kg/(kWh);

Kco, Is carbon-to-CO: conversion factor.

On a specific basis, the CO2 emissions per unit volume of produced nitrogen can
be expressed as:

€co,n, = Eel -SFCpy - K002

where: e, is specific electrical energy consumption of the nitrogen system, kWh/Nm?.

4.3 Calculation of greenhouse gas emissions from two shipboard inert gas

generation systems

Volumetric inert gas flow rate:
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Vic = 5000 Nm*¥h — typical value for product and crude oil tankers (Alfa Laval

IGG documentation).
Annual operating time:
tic = 750 h/year — typical annual inert gas system operation time for medium-size

tankers.

Specific fuel consumption of the ship’s diesel generator (for -electricity
production):
0pc = 0.195kg/kWh.

CO, emission factor for marine diesel fuel (MDO/MGOQO), based on IPCC 2006
Guidelines [29]:
EF =3.15kg CO, / kg fuel.

CO2, fuel
Thus, the specific CO, emissions per unit of electric energy produced by the diesel
generator equal:
€cozel = 9ps * EFcop e = 0.195-3.15~0.61kg CO, / kWh.

This value is used to convert the electrical energy demand of the membrane-type
system into fuel consumption and CO, emissions.

Typical specific fuel consumption of the combustion-type IGG as a function of
oxygen content in the inert gas is taken from the detailed calculations and manufacturer

data summarised in Table 4.1

Table 4.1 Typical specific fuel consumption of the combustion-type IGG as a

function of oxygen content in the inert gas

b (on)’ kg/Nm’ Ko, » 0
0.0868 2
0.0822 3
0.0777 4
0.0731 5
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For the membrane system, specific fuel consumption per unit of inert gas

(equivalent fuel for electricity generation) is taken from Table 4.2, which summarises
the power demand of the compressor and heater and the resulting inert gas flow for

different oxygen contents in the product gas.

Table 4.2 Typical specific fuel consumption of the membrane-type IGG as a

function of oxygen content in the inert gas

by (%o, ), ka/Nm?® Xo,» %0
0.0367 10
0.0433 5
0.0595 2
0.0786 1
0.201 0.5
0.298 0.1

These values correspond to nitrogen purities from 90 % N, (10 % O,) up to 99.9 %
N, (0.1 % Oy).

Combustion-type inert gas generator: CO, emission calculation
For the combustion-type 1GG, fuel is burnt directly for inert gas production. The
specific CO, emissions per unit of inert gas volume at a given oxygen content y, are
€co2,ic6 (on) =b, (on) *EFcop, et
where b, (x,) is the specific fuel consumption of the IGG, kg/Nm®:
EFcos. e 1S the emission factor, kg CO,/kg fuel.
The corresponding annual CO, emissions at this operating point are:
Moz, 166 (Xo,) =€cozics (Xo,) Vie *tie:

Example for y, = 3%.

From Table 3.8 for the combustion-type 1GG:
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b, (3 %) =0.0822kg/Nm?®,
Specific CO, emissions:

€c0106 (3 %) 0.0822-3.15~0.259kg CO, / Nm?°.

Annual CO, emissions:
M 02,166 (3 %0)0.259-5000 - 750 = 971250kg CO, / year =
~971.0t CO, / year.

Analogous substitutions are performed for y, =2 %,4 %,5 %.

Specific fuel consumption for operation the combustion-type inert gas generator

If it is necessary to analyze the influence of oxygen concentration in inert gas on
the specific fuel consumption of a combustion-type inert gas generator, this dependence
must be clearly defined as an assumed (scenario-based) correlation rather than as
manufacturer data.

Since no explicit manufacturer-provided functional dependence of the specific fuel
consumption on the oxygen concentration is available in open literature, the following
linear correlation around the reference oxygen concentration of 3 % is introduced for

sensitivity analysis:
SFCi6 (Xo,) = SFCg rer [1"' 3-(3 ~Xo, ):|

where SFC ;¢ is the nominal specific fuel consumption at x, =3% (for example,

SFC,eg et =0.084 kg/Nm® according to typical Moss inert gas generator data [28]);

a 1s the assumed sensitivity coefficient, adopted as a=0.03 per 1 % O..

Using this assumed linear correlation, the specific fuel consumption values at
different oxygen concentrations are obtained as follows.

For example, for 2 % O,

SFC,s (2%) =0.084-[1+0.03- (3—2)] ~ 0.0865 kg/Nm®

It must be emphasized that the above dependence represents an engineering
assumption adopted exclusively for scenario and sensitivity analysis. It does not

represent direct manufacturer performance data and is used only to evaluate the
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potential influence of oxygen content on the specific fuel consumption and

corresponding greenhouse gas emissions.

Table 4.3 Dependences of SFC,.. of inert gas purity

Yo, » %0 SFC, s » kg/NM®
2 0.0865
3 0.084
4 0.0815
5 0.0764

Membrane-type nitrogen system: CO, emission calculation

For the membrane nitrogen system, the inert gas generator itself does not burn fuel;
instead, it consumes electrical power produced by the ship’s diesel-generator sets. The
total electrical power demand (compressor + heater) is essentially constant, P, = 194.3
kW, whereas the inert gas flow rate decreases with increasing nitrogen purity.

The equivalent specific fuel consumption per Nms of inert gas is taken from the
detailed membrane calculations) as b, (xo,), kg fuel/Nm?® of product gas. The specific
CO, emissions per unit inert gas volume are therefore

€co2,mem (on) =Dpem (on) EFcos, et

Annual CO, emissions are calculated as

M oz mem (Yo, ) = Ecozmem (Ko, ) Vg *tia:

Example for y, =2 % (= 98 % Ny).

From the membrane IGG table 3.7:

b....(2 %) =0.0595kg/Nm°.

Specific CO, emissions:

€conmem (2 %) = 0.0595-3.15~ 0.187kg CO, / Nm”.

Annual CO, emissions:



M o2 mem (2 %0) =0.187-5000- 750 = 702750kg CO, / year ~
~702.8t CO, / year.
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For other purity levels (10 %, 5 %, 1 %, 0.1 % O,) the procedure is identical, with
Byem (Xo,) taken from Table 3.7.

Results: specific and annual CO, emissions

Using the methodology above, the specific and annual CO, emissions are

calculated for all operating regimes. The results are summarised in Tables 4.4 and 4.5.

Table 4.4 — CO, emissions of combustion-type IGG at different oxygen contents

(EF, =3.15kg CO, / kg fuel, V., =5000Nm®/h, t, =750h/year)
CO2, fuel 2 IG IG

Oz indry IG, br, €co2.166 Moz 166
% kg/Nm’ kg CO,/Nm® t/year
2 0.0868 0.273 1025.3
3 0.0822 0.259 971.0
4 0.0777 0.245 917.8
5 0.0731 0.230 863.5

Table 4.5 — CO, emissions of membrane nitrogen system at different oxygen contents /

nitrogen purities

O,indry IG, | N, purity, Bimem, €02 mem? M o2 mem:
% % kg/Nm* | kg CO/Nm® tlyear
10 90 0.0367 0.116 433.5
5 95 0.0433 0.136 511.5
2 98 0.0595 0.187 702.8
1 99 0.0786 0.248 928.5
0.5 99.5 0.201 0.633 2373.8
0.1 99.9 0.298 0.939 3520.1
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The table shows that relaxing the oxygen limit from 2 % to 5 % reduces annual

CO, emissions of the combustion-type IGG by approximately 16 % at the same inert

gas demand. In Table 4.5 y, is the residual oxygen content; nitrogen purity is

approximately 100 - x, . The same Vs and t are used for comparison.

These results highlight the strong non-linearity of CO, emissions for the membrane
system:

— moving from 10 % to 2 % O, (90 % — 98 % N) roughly doubles specific CO,
emissions per Nm? of inert gas;

— further tightening to 0.1 % O, (= 99.9 % N,) increases specific emissions by
almost a factor of eight relative to 10 % O,, and more than triples annual CO, emissions

compared with the 2 % O, case at the same inert gas demand.

Comparative discussion

At moderate purity levels (for example, 2-5 % O,), the membrane-type system
exhibits lower specific and annual CO, emissions than the combustion-type IGG, owing
to its lower specific fuel consumption per Nm? of inert gas. For instance, at 2 % O, (=
98 % N,), the membrane system emits about 703 t CO,/year, whereas the combustion-
type 1GG at the same oxygen content emits approximately 1025 t CO,/year (difference
~32 %).

However, when ultra-high nitrogen purity is required (e.g. 0.1 % O, = 99.9 % N,),
the membrane system’s fuel demand per unit of inert gas volume becomes so large that
its CO, emissions exceed those of the combustion-type IGG operating at 2-3 % O,. In
practice, such high-purity regimes should therefore be limited to cargoes that strictly
require them, while for routine inerting operations moderate purity (2-5 % O,) ensures a

better balance between safety and greenhouse gas emissions.
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Fig. 4.1. Specific greenhouse gas (CO2) emissions as a function of inert gas purity for

membrane and combustion-type inert gas generators
4.4 Assessment of NO, and SO, Emissions

The purpose of this subsection is to extend the CO.-based comparison of the two
inert gas generation technologies by quantifying their emissions of nitrogen oxides
(NOx), sulphur oxides (SOx) and other toxic combustion-related components under the
framework of MARPOL Annex VI. The analysis is carried out for the practical
operating ranges of oxygen concentration in inert gas typical for tanker operation:

— for the combustion-type inert gas generator (IGG) o, = 2-5 % in dry inert gas;
— for the membrane nitrogen generator: ., = 10-0.1 % in the product nitrogen.

The same inert gas production rate and operating profiles as in the CO. emission
assessment are adopted to ensure full consistency between energetic and ecological

comparisons.

4.4.1 Methodology

For the combustion-type IGG, pollutant emission rates are proportional to fuel
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consumption:

mNOx,IGG = mf,IGG ' EFNOX
mSOX,IGG = mf,IGG 'SIGG Koo,
where: m, .. - fuel mass flow rate, kg/h;
EF\o, - NOx emission factor, kg NOv/kg fuel;
S,ec - sulfur mass fraction in fuel;
Ko, = 2.0 — sulfur-to-SO: conversion factor.

For marine fuel in compliance with MARPOL Annex VI outside ECAs, the

following conservative values are adopted:

EF. =0.087 kg/kg, S,ss =0.005 (0.5 % sulfur fuel).

Specific pollutant emissions per unit of inert gas:

m

_lno, 166

€no, 166 = v ’
IG

~ Mo iec

€s0,.166 = v :
IG

For the membrane nitrogen system, emissions are indirect and originate from the
diesel generator:
M e = Py -SFCprq,

Myo, N, =M b6 EFNOX,DG

M b6 * Spe " Kso,

msox,N2 =
Specific emissions per unit volume of nitrogen:

€no, N, = Ca +SFCpg - EFNOX,DG
€s0,.N, = Eel +SFCpg - Spe " Kso,

For modern auxiliary diesel generators:
SFCp; =0.19, EF, pc =0.065, Sy, =0.001 (0.1 % sulfur MGO)



4.4.2 Specific Fuel and Energy Consumption at Different O. Concentrations

Combustion-Type IGG:
Xo,= 2 %0 — 0.0868 kg/Nm’

To,= 3 % — 0.0822 kg/Nm®

Yo, = 4 % — 0.0777 kg/Nm?®

Yo, = 5 % — 0.0731 kg/Nm®

Membrane Nitrogen Generator:
Xo,= 10 % — 0.0367 kg/Nm’

Yo, = 5 % — 0.0433 kg/Nm®

Yo, = 2 % — 0.0595 kg/Nm?®

%o, = | % — 0.0786 kg/Nm?®

%o, = 0.5 % — 0.201 kg/Nm’

Xo,= 0.1 % — 0.298 kg/Nm’

Table 4.6 — Specific NOx and SOx emissions for combustion-type 1GG

02, % Fuel, kg/Nm? NO,, kg/Nm? SOy, kg/Nm?
2 0.0868 0.00755 8.68x10™
3 0.0822 0.00715 8.22x10™
4 0.0777 0.00676 7.77x10™
5 0.0731 0.00636 7.31x10™

Table 4.7 — Specific NOx and SOy emissions for membrane nitrogen generator

02, % Fuel, kg/Nm? NOy, kg/Nm? SOy, kg/Nm?
10 0.0367 0.00239 7.3%107
5 0.0433 0.00281 8.7x107
2 0.0595 0.00387 1.19x10™
1 0.0786 0.00511 1.57x10™
0.5 0.201 0.0131 4.02x10™
0.1 0.298 0.0194 5.96x10™
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4.4.3 Discussion and Ecological Interpretation
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Fig. 4.2. Specific NOy emissions as a function of inert gas purity for membrane and

combustion-type inert gas generators.
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Fig. 4.3. Specific SO« emissions as a function of inert gas purity for membrane and

combustion-type inert gas generators.
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The comparison shows that at practical operational oxygen levels of 2-5 %, the
membrane nitrogen generator exhibits 2—3 times lower specific NOy emissions and 7-9
times lower SOx emissions than the combustion-type 1GG. This difference is primarily
caused by the lower sulphur content of diesel-generator fuel and the stricter combustion
control of marine diesel engines.

At ultra-high nitrogen purities (xo, < 1 %), the membrane system experiences a

steep rise in specific fuel equivalent consumption, which results in a strong increase in

NOx and SOy emissions. At 3, = 0.1 %, specific NOx emissions of the membrane

system exceed the values of the combustion IGG at moderate oxygen levels.

From the standpoint of MARPOL Annex VI compliance, membrane nitrogen
generators are clearly superior for standard tanker operation, while combustion-type
IGG remain disadvantageous due to direct high-temperature fuel combustion and higher

sulphur exposure.



91
CONCLUSION

1. As a result of the performed analysis, it has been established that shipboard inert
gas generation systems are a critical component of explosion and fire safety on tanker
vessels, and that their operating parameters have a direct impact on the energy
efficiency of the ship’s power plant, environmental performance, and operating costs.
The requirements for such systems are strictly regulated by SOLAS, the FSS Code,
ISGOTT, and the IGC and IBC Codes, according to which the oxygen content in the
inert gas shall not exceed 5% by volume in the inert gas main and 8% by volume in
cargo tanks, while maintaining a positive pressure at all times.

2. The review of scientific publications has confirmed that there is no universal
solution for selecting an inert gas generator type, and that the optimal choice is
determined by a combination of factors, including vessel type, cargo characteristics,
availability of a boiler plant, installed electrical power, required inert gas purity, and
environmental constraints. For large crude oil tankers, combustion-based inert gas
systems remain economically justified, whereas nitrogen membrane systems are
predominantly used on chemical tankers and gas carriers.

3. Based on the analysis of energy performance characteristics, it has been
determined that the specific fuel consumption of combustion-type inert gas generators
ranges from 0.07 to 0.09 kg/Nm?® within an oxygen content range of 2—5% by volume.
For membrane-based nitrogen systems, the specific electrical energy consumption
amounts to 0.22—0.28 kWh/Nm? at a nitrogen purity of 95-98% and increases to 0.35—
0.45 kWh/Nm? at a purity level of 99-99.5%.

4. It has been established that increasing nitrogen purity from 95% to 99% reduces
the capacity of membrane systems by 30-60%, resulting in a significant increase in
compressor load and overall electrical power consumption. At the same time, 80-90%
of the total electrical energy consumed by a nitrogen system is attributable to the air
compressor.

5. Combustion-based inert gas generators are characterised by stable performance
at high gas flow rates; however, their operation is accompanied by:

- additional emissions of CO2, NOy, and SOx;
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- increased water consumption by the scrubber;

- intensive corrosion of heat-exchange surfaces and pipeline equipment;

- increased operating costs for maintenance of burners and gas-cleaning systems.

6. Membrane-based nitrogen systems, in contrast, are characterised by:

- high inert gas purity (up to 99.5% Nz);

- complete absence of combustion products in the generated gas;

- reduced corrosion risks for cargo tanks;

- lower environmental emissions;

-increased dependence on the operating pexxum of the ship’s electrical power plant.

7. It has been determined that the use of a membrane nitrogen generation system
leads to a significant increase in electrical load, especially at high nitrogen purity levels,
which necessitates:

- redundancy of compressor equipment;

- verification of the adequacy of installed diesel-generator capacity.

8. Combustion-based inert gas generators, in turn, reduce the load on the ship’s
electrical network but increase fuel consumption, emissions of harmful substances, and
operating costs associated with gas-cleaning systems.

9. Comparative analysis has shown that at an oxygen content of 5% in the inert
gas, membrane nitrogen systems demonstrate advantages in both environmental and
energy performance compared to combustion-type inert gas generators: the specific CO-
emissions of membrane systems are approximately 30-35% lower than those of
combustion-type IGGs, while the total energy consumption for inert gas generation is
approximately 50% lower than that of combustion-based generators.

10. Comparative analysis has shown that:

- inert gas generators based on combustion are advisable for large crude oil tankers
already equipped with powerful boiler plants and operating under stable cargo-handling
regimes;

- membrane nitrogen generation systems are optimal for chemical tankers, gas
carriers, and product tankers, where inert gas purity, environmental safety, and

operational flexibility are critical.
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11. For vessels transporting chemical cargoes and liquefied gases, the use of

combustion-based inert gas generators is technically undesirable, since the presence of
CO2, moisture, and combustion by-products may cause:

- cargo degradation;

- corrosive damage to cargo tanks;

- non-compliance with cargo safety requirements.
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