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Abstract

The marine industry has been striving to seek for proper strategies to curb air emissions from global
shipping activities. To support the transition to sustainable shipping, this paper was proposed to evaluate
the holistic environmental benefits of the LNG partial re-liquefaction system applied to LNG carriers
by comparing among five different combination/configuration of LNG re-liquefaction systems. The
theory of life cycle assessment was employed with the help of a commercial software, Sphera GaBi
version 2019 to quantify the magnitude of various emissions under different life stages of the proposed
systems: manufacturing, installation, use and recycling. A case study was implemented with a 174,200
m® LNG carrier and the input data for the analysis was collected from true-to-life sources provided by
manufacturers and ship operators. The electric consumption of the five systems were calculated by
means of Aspen HYSYS software. A range from 1.23 to 1.64 kWh/kg was estimated and was used as

key parameters to confirm the onboard electricity demands at the use phase of the five systems. The
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results revealed that the partial re-liquefaction system had considerable effects on the reduction in
emission levels across the following five impact categories: Global Warming Potential, Particulate
Matter, Photochemical Ozone Creation Potential, Eutrophication Potential and Acidification Potential.
An optimal option which adopted the partial re-liquefaction system was found to release 4.49x10% kg
COs eq., 1.25%10°kg PM,seq., 7.16x10°kg NMVOC eq., 2.46x10°kg N eq. and 1.13x10” kg SO; eq.
in its lifetime, which were roughly equivalent to 25% emission reductions compared to the rest of the
candidates to which the partial re-liquefaction principle was not applied. Lastly, it clearly presents the
effectiveness of life cycle assessment. This research, particularly, suggests that this holistic approach
should not be underused for resolving innumerable maritime environmental issues that appear

unsolvable with the current practices in the maritime industry.
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AP Acidification Potential

BOG Boil Off Gas

BOR Boil-Off Rate

C1 Methane (CHy)

C2 Ethane (C2H)

C3 Propane (C;Hs)

CNG Compressed Natural Gas

CO; Carbon dioxide

Comp Compressor

ECAs Emission Control Areas

EP Eutrophication Potential

FLNG Floating Liquefied Natural Gas
FSRU Floating Storage Regasification Unit
GHG Greenhouse Gas

GTL Gas to Liquid

GWP Global Warming Potential

HFO Heavy Fuel Oil

ILCD International reference Life Cycle Data system
IMO International Maritime Organization
ISO International Organization for Standardization
J-T valve Joule-Thomson valve

LBG Liquified Biogas

LCA Life Cycle Assessment

LCI Life Cycle Inventory analysis

LCIA Life Cycle Impact Assessment
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1 Introduction

1.1 Background of LNG carriers and re-liquefaction systems onboard

The global demand of LNG (Liquefied Natural Gas) has significantly increased with the emerging
markets of developing countries. According to BP Energy Outlook (BP, 2019), the LNG market was
expected to catch a solid upward trend over the next several decades as anticipating LNG trading
volume to reach the twice level in 2016 by 2040. Given this, the current popularity of the newbuilding
of LNG carriers across the world may not be a strange phenomenon. As a good example, Qatar
Petroleum, one of the world’s largest LNG producers, announced a proactive plan to construct more

than 60 new LNG carriers (Christopher, 2019).

LNG carriers transport the liquid form of NG (Natural Gas) at approximately -162°C under the

atmospheric condition (Vandebroek and Berghmans, 2012). Due to heat penetration into storage tanks
during voyages, a small amount of NG continuously evaporates, which is called BOG (Boil-Off Gas).
Since the gas expansion leads to escalating the tank pressure, the proper management of BOG is crucial
to ensure the safety of LNG carriers against the potential risk of cargo tank rupture (Dobrota et al.,
2013). There are chiefly two general options of treating the BOG onboard. The first way is to supply
this gas to either steam turbines or gas-fueled engines to consume it as fuel for gaining propulsion power.

The other way is to re-liquefy and return it back to the LNG cargo tanks.

The introduction of re-liquefaction plants onboard can offer several benefits to ship operators and cargo
owners, compared to using it as fuel source. Greater quantity, with better quality, of LNG can be
transported by reducing the BOG consumption. It can also provide flexibility in fuel selection between
the BOG and oil products in response to fuel prices and LNG demand. The use of LNG re-liquefaction
systems onboard LNG carriers also allows to manage their fleets in more reliable manners against

diverse maneuvering conditions such as anchoring, engine stoppage and so on.

Onboard re-liquefaction systems have encountered some challenges as well. High capital and operating



costs often make ship owners indecisive. The added volume and weight attributed to re-liquefaction
plants may lead to a drop in cargo capacity or a losing chance for optimal placement of other onboard

equipment to some extent.

Daewoo Shipbuilding & Marine Engineering Co., Ltd., one of the world’s largest shipyards based in
South Korea, has developed a novel re-liquefaction system known as PRS (Partial Re-liquefaction
System) to resolve these issues. A distinct advantage of this system is that it liquefies a sound proportion
of BOG evaporated from LNG tanks although it is much smaller in size in comparison with

conventional types of re-liquefaction systems (Lee, 2015).

Meanwhile, the growing concerns on the marine pollution have urged IMO (International Maritime
Organization) and local authorities to grapple with finding ways to reduce emissions from ship activities.
In the case of large LNG trading tankers ranging from 200,000 to 260,000 m®, about 15 MW of electric
load is required for use; the electricity is produced from onboard generators running on either diesel or
gas which significantly contribute to marine air pollution. Of this amount, 5—7 MW is consumed only
for LNG re-liquefaction, thereby it can be confirmed that the environmental impact associated with
operating LNG re-liquefaction systems may be far higher than a negligible level (Sinha and Nik, 2012).

This issue is projected to become considerably serious with the rising popularity of LNG and carriers.

Although the marine industry has been flooded with new systems, which are introduced more and more
and faster and faster, the brevity of current maritime regulations often overlooks their environmental
impacts. In response, it may be vital to evaluate the adverse effects of LNG re-liquefaction systems on
the environment. To answer the fundamental question, posed in this research, on whether the proposed
system can be an effective solution to cleaner shipping in comparison to other existing systems, this
paper was motivated to adopt the theory of life cycle assessment (LCA) as an effective method to
investigate the cradle-to-grave environmental impact of certain systems engaged in areas where

regulations are premature.



1.2 Past research

A variety of LCA studies in the marine sector has been identified as listed in Table 1, which can be
divided into four major categories: LNG, marine fuels, marine systems and ships. Notable points from

them are described briefly as follows:

For the LNG including LNG fueled vehicles, not necessarily limited to waterborne transportation,
Venkatesh et al. (2011) conducted LCA of LNG uses in a nation with adopting probabilistic models
considering uncertain factors. Shi et al. (2015) discovered that LNG remanufactured engines were
eco-friendlier than diesel ones as producing less emissions during their operation although more
energy and materials were required for their LNG components. By contrast, Sen et al. (2017)
argued that trucks running on CNG (Compressed Natural Gas) could be more environmentally
detrimental than their diesel counterparts especially in terms of GWP (Global Warming Potential).
Mallapragada et al. (2018) estimated GWP and water consumption ascribed to Marcellus shale gas
for an electricity generation purpose in various importers with employing the up-to-date field data
and methane emissions rates obtained by a series of experiment. Zhang et al. (2018) investigated
various emission levels under different LNG usage scenarios and suggested case-by-case
approaches as each case encountered unique problems during their lifecycles. Speirs et al. (2019)
conducted extensive research on determining the environmental benefits of using LNG as
transportation fuels; the research findings highlighted that the use of NG as fuel of trucks and ships
would reduce GHG by up to 16% and 10% respectively. Pizzol (2019) compared two ways of
freight transport and concluded that integrated logistics using both trucks and ships together would
be a better option than only using trucks for given supply chain scenarios. A specific LNG supply
case was dealt with by three independent research groups from environmental perspectives and
one of their conclusions implied that data depending on the region and operational profile would
be more influential on the results than establishing sound methodologies and reasonable
assumptions applied to the analysis (Nie et al., 2020). Yuan et al. (2020) pointed out the necessity

of system optimization in accordance with regional gas composition by focusing on the emissions



produced during NG re-liquefication process in various cases.

As for the marine fuels, Ma et al. (2012) presented that ships which adopted SO (Sulphur Oxides)
abatement systems to comply with SOy regulations would be better from a holistic environmental
standpoint than using LSFO (Low Sulphur Fuel Oil). Bengtsson et al. (2011) showed the need for
alternatives to traditional marine fuels to attain a considerable decline in pollutants. Brynolf et al.
(2014) emphasized that renewable sources such as biomass should be used to curtail GWP
holistically. Gilbert et al. (2018) claimed that the use of energy and environmentally harmful
materials should be reduced at fuel production stage. The significance of optimal fuel supply routes

in reducing emissions was highlighted by Hwang et al. (2019).

In terms of the marine systems, Alkaner and Zhou (2006) suggested focal points to lower burdens
to nature in applying MCFCs (Molten Carbonate Fuel Cell) to commercial ships. Strazza et al.
(2010) revealed that the use of biofuels at fuel production stages could lead to a considerable
reduction in the total emissions produced from SOFCs (Solid Oxide Fuel Cell) as a power
generation option onboard. Basurko and Mesbahi (2014) argued that electro-chemical oxidation
types would be suitable for secondary ballast water treatment units than ultraviolet options because
the latter ones needed toxic substances for their parts. Ling-Chin and Roskilly (2016)indicated that
a marine system could outperform others with the same function from environmental perspectives;
however, it might not necessarily mean that the system could be better throughout all kinds of
emission. LCA was integrated with economic assessment for marine systems by Jeong et al. (2018),
which was further strengthened for more appropriate decision-making with technical
considerations added (Jeong et al., 2019). (Wang et al., 2019)) stressed that the improvement of
power conversion efficiency should be critical in implementing solar panels on ships to reduce
pollutants attributable to auxiliary diesel engines. (Wang et al., 2020)) also demonstrated that the
change in engine configurations could contribute to lowering emission levels by operating engines
within their efficient ranges. (Iannaccone et al., 2020) found that high pressure dual fuel engines

had the least GWP potentials but considered them less sustainable given their potential safety issues.



Regarding the ships, Cucinotta et al. (2017)conducted towing tank tests to estimate the fuel
consumption of yachts made by different methods and the test results were employed in measuring
emissions on the operational phase of the yachts. Effects on human health were highlighted across
the whole ship recycling processes, which proved that LCA could enable extensive environmental
evaluation (Rahman et al., 2016). Nian and Yuan (2017) proposed a navigation speed of tankers
which might be most environmentally favorable by considering various ships and possible routes.
Favi et al. (2018) established a user-friendly framework where essential data and models related to
the marine context were available, thereby helping designers carry out LCA at an early design stage.
Hua et al. (2019) revealed that varied operation conditions of engines played an important role in
quantifying pollutants. Tuan and Wei (2019) examined emissions from detailed shipbuilding

processes upon which similar studies had not touched.

What was agreed from the past research were that LCA would be an effective tool that could help us to
estimate not only holistic environmental impacts of subjects but also discretize those impacts into the
smallest levels of activities from the birth to the end-of-life. As a result, the full description of the
environmental benefits or harms relative to subject items can be obtained in the process of LCA so that

areas that need to be improved to reduce emissions could be identified at hand.

The LCA publications in Table 1 are highly focused on comparing various energy sources (referring to
the research in the categories of LNG vehicles, marine fuels, marine systems), shipbuilding and
navigation (referring to the research in the category of ships). The following past research related to
LNG re-liquefaction systems applicable to LNG carriers are highly laden with their technical challenges
and novelties: designing LNG re-liquefaction systems for small scale LNG carriers Neksé et al. (2010);
development of a more energy-efficient PRS system by exergy analyses Choi et al. (2018); economic
assessment Kim et al. (2019). Overall, those research processes and results hardly offer an insight into

the influence of LNG re-liquefaction systems on the environment.

1.3  Aim and novelty



While a growing number of LNG carriers adopt LNG re-liquefaction systems, the scarcity of the
relevant studies often mis-guides us on overlooking or underestimating their holistic impacts on air
pollution. It motivated this research to have been born by aiming at evaluating the holistic
environmental impact of LNG re-liquefaction systems, while seeking for a better way to reduce assorted

harmfulness.

To conceptualize the full BOG reliquefication, this paper introduces the PRS and proposes two credible
combinations of this system with existing re-liquefaction plants, namely PRS + SMR (Single Mixed
Refrigerant) and PRS + MRS (Methane Refrigerant System), which were, then, compared to the

conventional system types: the SMR, the MRS and the Enhanced SMR.

The novelty of this paper can be placed on the fact that it is a proactive response to the industrial
demands as the first attempt to investigate the holistic environmental impacts relative to the proposed
five re-liquefaction systems. Therefore, it is believed to offer a pragmatic intuition about quantitative
environmental benefits of using proper systems for the future LNG vessels and even for LNG offshore

units.
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Table 1. List of LCA studies in the marine sector

LCA categories Subjects Authors and dates
Domestic usage of LNG in a country which was produced in the country or imported from other nations Venkatesh et al. (2011)
Remanufactured LNG and diesel engines Shi et al. (2015)
NG Class 8 high duty trucks powered by various alternative fuels including CNG Sen et al. (2017)
Marcellus shale gas extracted in the USA for power generation in importing countries Mallapragada et al. (2018)
(including LNG  "Three LNG uses scenarios (hydrogen generation, power production and transport) Zhang et al. (2018)
vehicles) NG as fuel for trucks and ships (four existing LNG dual fuel marine engines) Speirs et al. (2019)

Two cargo transport cases: trucks only and trucks with the help of ships including LNG fueled ferries

Pizzol (2019)

A particular LNG chain from Canada to China for generation of electricity by three different research teams

Nie et al. (2020)

Liquefaction process of NG in diverse regions of China

Yuan et al. (2020)

Marine fuels

HFO with several SOy (Sulphur Oxides) scrubber systems and LSFO (Low Sulphur Fuel Oil)

Ma et al. (2012)

HFO (Heavy Fuel Oil), MGO (Marine Gas Oil), LNG and the liquid fuel by means of GTL (Gas to Liquid) technology

Bengtsson et al. (2011)

LNG, LBG (Liquified Biogas), methanol and bio-methanol as marine fuel

Brynolf et al. (2014)

LNG, methanol, LH> (Liquid Hydrogen), biodiesel, SVO (Straight Vegetable Oil), bio-LNG and traditional fuels

Gilbert et al. (2018)

A bulk carrier which runs on LNG and MGO

Hwang et al. (2019)

Marine systems

MCFCs and diesel engines

Alkaner and Zhou (2006)

Methanol fueled SOFCs as an auxiliary power system

Strazza et al. (2010)

Three ballast water treatment systems

Basurko and Mesbahi (2014)

Retrofitted and new-built power systems which introduce noble technologies

Ling-Chin and Roskilly (2016)

A hybrid engine in comparison with diesel-mechanical and diesel-electric engines

Jeong et al. (2018)

Three marine LNG fueled propulsion systems for LNG carriers

(Jeong et al., 2019)

Solar panel systems for propulsion applicable to a short trip ferry

(Wang et al., 2019)

Five different engine configurations of a tugboat

(Wang et al., 2020)

Three sorts of LNG fuel systems compared to a traditional engine which uses MGO on a cruise ship

(Iannaccone et al., 2020)
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Ships

A glass-reinforced plastic yacht by means of two different building methods

Cucinotta et al. (2017)

Steel gained from ship recycling and newly produced steel from iron ore

Rahman et al. (2016)

A wide range of oil tanker cases

Nian and Yuan (2017)

Three kinds of yachts whose hulls and superstructures are made of different materials

Favi et al. (2018)

Container vessels which run on HFO or LNG from steel production to ship’s operation

Hua et al. (2019)

A Panamax bulk carrier from raw material collection to ship construction

Tuan and Wei (2019)
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2 Approach

LCA is an approach to holistically assess potential environmental effects of various elements, products
and systems from cradle to grave (ISO, 2006). By adopting the basic concept of generic LCA, this paper
was organized to evaluate the performance of the proposed systems. The proposed framework is shown

in Fig. 1.

LCA stage 1: Goal and Scope Definition

Five re-liquefaction systems:
e SMR, PRS + SMR, Enhanced SMR, MRS and PRS + MRS

LCA boundary:

e Cradle to grave
{ Manufacture — Installation — Use — Recycle Power
including fuel production phase ) Consumption

Analysis

LCA stage 2: Inventory Analysis (LCI)

Data collection:

e Specifications of each system

e Case LNG carrier (174,200 m?)

LCA modelling and LCI results

LCA stage 3: Impact Assessment (LCIA)

LCIA results: GaBi
e Classification of LCA results

e Appliance of characterisation factors

e Five impact categories : GWP, PM, POCP, EP and AP

LCA stage 4: Interpretation

Fig. 1. LCA framework for LNG re-liquefaction systems

2.1 Stage 1: Goal and scope definition
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The goal of this LCA was to demonstrate environmental benefits of the PRS by comparing five probable
re-liquefaction systems: the SMR; the PRS + SMR; the Enhanced SMR; the MRS; and the PRS + MRS.
Those systems were designed and modelled in consideration of available options for LNG carriers and
their capacity demand. Afterwards, relevant data for the analysis such as specifications of the systems
and embodied energy for certain work was collected within the LCA boundary established in the first

stage of LCA.

2.1.1 Introduction to PRS and five re-liquefaction systems

The proposed five re-liquefaction systems are modelled based on the actual designs adopted in

Daewoo Shipbuilding and Marine Engineering Ltd (DSME).

The key principle of the PRS is to utilize the cryogenic temperature (approximately -100°Cto -130°C)
of the BOG coming directly from LNG storage tanks to liquefy BOG by pressurizing it up to around
300 bar (Yun, 2016). The cooled BOG from a heat exchanger is throttled by a J-T valve (Joule-Thomson
valve). In the process, the pressure of BOG plunges leading to a drastic decline in the temperature and

the extremely cooled mixture of BOG and LNG are then separated by a separator.

The BOG is pressurized up to 300 bar by a series of LNG compressors (BOG and Booster comps in
Fig. 2) for LNG fuel injection into dual fuel engines of MAN B&W, which is one of the popular marine
engine systems for new-built LNG carriers (Kjeld and Rene, 2009). This implies that no extra

compressor is needed if the presented engine is adopted as a propulsion option.

In contrast to other LNG re-liquefaction systems, the PRS does not require an additional refrigerant
cycle. Instead, the BOG generated from LNG cargo tanks acts as a refrigerant in the system, making
the system relatively simpler. However, the re-liquefaction capacity of the PRS is inherently less than
those of other systems. This is due to the fact that although the BOG pressure rises to 300 bar, the

temperature of the BOG coming from the tanks does not sufficiently low enough to liquefy all naturally
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evaporated gas. This system can be enhanced in terms of re-liquefaction capacity by arranging two PRS
systems in series. A schematic diagram of Enhanced PRS is illustrated in Fig. 2. The PRS is often
integrated with other types of re-liquefaction systems to increase re-liquefaction capacity. The PRS has
proven to reduce the burden on ship's shoulders owing to its relatively low economic impact and

compact size (Yun, 2016).

BOG Comp Booster Comp
[ ~ — To Engine
BOG Comp Booster Comp |
I | To Engine ) Cooler Cooler
Cooler Cooler [:D:| Heat
Exchanger (1*)
Heat Heat Exchanger :
Exchanger Inlet LT Valve Separato
. Sepa
/ﬁ J-T Valve . LNG Tanks J
. LNG Tanks BOG Comp  Booster Comp
{ BOG @ Cooler Cooler
i i Heat
i —— LNG Exchanger (2¢) - Heat
| . H Exchanger
Poe— Hot side (heat transfer) Inlet (1)
i «— Cold side (heat transfer) | J-TValve  Sepa
PRS Enhanced PRS

Fig. 2. Schematic diagrams of PRS and Enhanced PRS (Choi, 2018)

With the PRS concept as well as existing re-liquefaction systems, the following five credible options

were modeled and each of them was briefly explained as below.

e  SMR: the refrigerant of this system is largely composed of a mixture of hydrocarbon and
nitrogen. It has an independent closed loop refrigeration cycle. The green loop in Fig. 3 (a)
indicates the loop of the single-mixed refrigerant. The SMR is recognized for having high
efficiency; however, maintaining a pre-set mixture ratio of the refrigerant causes a considerable

amount of maintenance and operation expenditure.

e MRS: it adopts the BOG as a refrigerant. Apart from this, its components and working principle
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are similar with those of the SMR. Since the BOG is directly employed as a cooling medium,

a better operability is obtained compared to the SMR (see Fig. 3 (b)).

PRS + SMR: the BOG is pre-liquefied at a PRS heat exchanger before flowing through a main
heat exchanger of the SMR. Much less compressor work is required during the main refrigerant

cycle since a handsome amount of BOG is turned into LNG via the PRS system in advance (see

Fig. 3 (¢)).

Enhanced SMR: it also employs the cryogenic temperature of the BOG originated from the
LNG storage tanks by an additional loop as depicted in Fig. 3 (d). Unlike the PRS + SMR, an

extra boosting compressor, a heat exchanger and a cooler are not required.

PRS + MRS: the MRS is combined with the PRS to raise its re-liquefaction capacity. While the
mechanism is almost identical to the PRS + SMR, the only difference is that the BOG itself

serves as its refrigerant (see Fig. 3 (e)).
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Fig. 3. Schematic diagrams of five re-liquefaction systems ((Choi, 2018; Gémez et al., 2013))
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2.1.2 Boundaries
Each case system was designed to have a capacity of 4,000 kg/h in consideration of their system
specifications. In other words, the functional unit of the five systems would be capable of re-liquefying

4,000 kg of the BOG in an hour for 25 years for a comparison purpose.

The scope and the LCA boundary for the five re-liquefaction systems are specified in Eq. (1). Their life
cycles have been split into five phases: manufacturing, installation, fuel production, use and recycling
(cradle to grave). The P in the equation represents pollutants and the fuel production phase is denoted

as fuel for simplicity.

P total — P manufacturing +P Installation T P fuel T P use T P recycling (1)

The boundary and assumptions of this LCA are summarized as below:

o Life stages and assorted activities were selected based on the LCA findings from past research

in which specified dominant activities contribute to the environmental contamination,

e The manufacturing phase ranges from raw material production to product assembly in the

factory,

e Regarding the manufacturing phase, the embodied energy for part deformation was not able to
be added owing to lack of consistent data. According to the LCA reference book (Ashby, 2012)
employed for this assessment, a similar or lower level of energy tends to be consumed in

comparison with material casting,

e Interms of the energy embodied in the installation phase, welding was considered a core energy
consuming activity since module-based equipment would be shipped from manufacturers and

assembled on ships,

e The life of a case vessel was thought to be 25 years, a typical lifetime of LNG carriers,

e Re-liquefaction modules were assumed to be fully recycled, but a pugging process is not

considered as the BOG was assumed to be 100% consumed,
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The maintenance phase was not included in the study scope because its contribution was
expected to be not significant to the total emissions. This is due to the fact that harmful
environmental potentials on this stage are related to spare parts and a few major overhauls

unlike the maintenance of the entire ship (Jeong et al., 2018),

The adverse impact of transportation activity was neglected as manufacturing to onboard
logistics depends on how the scenario was designed. If the same logistics applies to each system,

the transportation effect is very identical in all cases,

All energy input was made in the form of electricity,

In the LCA models, all manufacturers were assumed to be in China and electricity was to be
produced by Chinese power plants for consistency; based on the fact that China is
acknowledged as a top shipbuilding country where LNG carriers are currently built (Gourdon

and Steidl, 2019),

The emissions involved in generating electricity which was used as the key energy source for
manufacturing, installation and recycling were calculated according to the information in the

GaBi database,

The consumed electricity onboard has been regarded to be generated from HFO, which is the

most typical type of marine fuel,

Based on the GaBi database, environmentally detrimental potentials associated with HFO

production were measured,

The life stage of the fuel production encompasses fuel extraction, transportation, refinery and

supply to onboard.
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Fig. 4. LCA scope and boundary for LNG re-liquefaction systems
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2.1.3 Calculation of power consumption
To calculate the electricity consumption for each re-liquefaction system, an iterative process was
engaged in this framework. A commercial process simulation software, called Aspen HYSYS, was

utilized.

Running hour Total energy

HYSYS analysis [> estimation [> consumption

Estimation of total

Power consumption Total running hour
(kwh/kg) (during ship’s power to be
lifetime) consumed

{}

Case ship’s data

Boil-off rate
(ballast and laden
conditions)

Fig. 5. Calculation of energy consumption on the use phase

The employed models are presented in Fig. 6. The refrigerant for SMR generally adopts C1 (methane),
C2 (ethane), C3 (propane) and N2 (nitrogen). Since C2 and C3 are mostly used as refrigerants for
onshore LNG plants rather than LNG carriers, their usage was not considered in the analysis. In contrast,
the cooling medium for MR is only composed of C1. Concerning property packages, the analysis was
conducted based on Peng-Robinson, which is a widely used model for simulating gaseous media such
as the BOG and the other refrigerants at ambient temperature (Hamid, 2007). In the models, the
refrigerant compressor and the expander were linked by a common gearbox, called compander through

which the rotational force produced from the expander was applied for operating the compressor.
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Fig. 6. Aspen HYSYS models
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General input parameters applied for HYSYS analysis was summarized in Table 2. This paper had to
inevitably make some assumptions regarding the system efficiency, which is highly dependent on types,
manufacturers and working conditions and so on, thereby it was not proper to define the system
efficiency as a single number in reality. Given that the efficiency of compressors is generally ranged
between 50% and 90%, the adiabatic efficiency of compressors was assumed to be 75%. On the other
hand, the efficiency of heat exchangers is highly relied on operating times, flow conditions, etc. so that
it was assumed to be operated in the perfect conditions (100% efficiency). It may be true that those
assumptions may cause deviations in analysis results when compared to actual system operations to
some extent. Nevertheless, those assumptions will never misguide us into wrong conclusions or any
dangerous misunderstanding in research findings; as long as all systems are compared in the same

condition, the general trends of results will surely not be changed.

Table 2. Input parameters of HYSYS analyses (By curtesy of Daewoo Shipbuilding and Marine
Engineering Ltd.)

Input flow 4,000 kg/h at -120°C.

Temperature of cooling media (coolers) 40°C (seawater or ambient temperature)

Pressure drop via a cooler 50 kPa
Adiabatic efficiency of compressors 75%
/ heat exchangers / 100%
Pressure decline (hot side of heat exchangers) 100 kPa
Pressure decline (cold side of heat exchangers) 20 kPa
Pressure (J-T valve downstream) 1 atm (equal to those of cargo tanks)
SMR composition C1 (0.486), C2(0.0), C3(0.0) and N2 (0.514)
MR composition C1 (1.0), C2(0.0), C3(0.0) and N2 (0.0)

The results obtained from these simulations are shown in Table 3. It is clearly revealed that the PRS
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combined systems - the PRS+SMR and the PRS+MRS - could improve the system performance,
thereby lowering the power consumption. For instance, the PRS + SMR required least energy with
consuming 1.23 kWh for treating 1kg of BOG. By contrast, the MRS consumed 1.64 kWh for re-
liquefying the same amount of BOG, meaning that the PRS + SMR would be 33 % more efficient than
the MRS. The estimated electricity load, as a simulation result, was input for estimating total energy
consumption on the operation stage of the re-liquefaction systems, taking into account the actual data -

navigation and BOR (Boil-Off Rate) - of the case ship.
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Table 3. The results of HYSYS analyses

Description Unit SMR PRS + SMR Enhanced SMR MRS PRS + MRS
Methane (C1) kg/h 15,700 12,500 14,000 24,800 18,200
Nitrogen (N2) kg/h 29,000 16,700 21,500 - -

BOG comp duty kW 457.6 899.2 762.9 457.6 897.1
Ref comp duty kW 6,685 4,530 5,417 7,106 4,755
Booster comp duty kW - 148.0 - - 138.3
Cooler 1 and 2 kW 6,861.1 5,583.3 6,083.3 7,250 5,777.8

Expander kW 949.4 656.2 778.8 982.8 681.6

Point 6 °C @ bar 40 @ 15.5 -70 @ 26.5 40 @ 15.5 40 @ 15.5 -70 @ 25.5

Point 7 °C @ bar -162.5 @ 14.5 -162.5 @ 25.5 -162.5 @ 14.5 -162.5 @ 14.5 -163 @ 24.5
Power required kW 6,193 4,921 5,401 6,581 5,108
Energy / BOG in kg kWh/kg 1.55 1.23 1.35 1.64 1.28

* ‘point 6’ and ‘point 7’ indicate the points marked in the HYSY'S models shown in Fig. 6.
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2.2 Stage 2: Life cycle inventory analysis (LCI)

The LCI of the five systems were modelled under the platform of a LCA software, GaBi (PE, 2018).

The estimated power consumptions from HYSYS analysis were input into the LCL

Other relevant data were collected and input to the analysis according to the goal and scope established

in the previous section 2.1. The configuration of each re-liquefaction system was simplified into major

components. The weight and composition of materials used for those systems were estimated on the

basis of data from manufacturers: Tractebel (Gerdsmeyer and Isalski, 2005) and Wirtsila (Melaaen,

2013). Those were largely classified into four metal components: stainless steel, cast iron, cast steel and

aluminum. Table 4 lists the estimated specifications of the five options. The compander represents a

combination of compressors and expanders.

Table 4. Collected data regarding specifications

SMR PRS + SMR | Enhanced SMR MRS PRS + MRS
Sort of component Number of components (Unit: no. of items)
Compressor 1 2 1 1 2
Compander 1 1 1 1 1
Cooler 2 3 2 2 3
Heat exchanger 1 2 1 1 2
Refrigerant tank 1 1 1 - -
Sort of material Estimation of weight and material composition (Unit: ton)
Stainless steel 62.3 66.0 64.9 66.6 67.3
Cast iron 24.9 24.0 23.6 21.1 22.4
Cast steel 20.4 21.6 21.2 17.8 20.1
Aluminium 5.7 8.4 8.3 5.6 83
Total weight 113.3 120.0 118.0 111.0 118.0
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Dixit et al. (2012) divided the total energy use of a building for its lifetime into two categories: the
operational energy and the embodied energy. The former represents the energy consumed while the
building was operated. The latter describes a sum of all the other energy spent on its part production,
construction, transportation and the end of the life phase. If the concept is applied to this LCA study,
the two energy categories can be expressed as Eq. (2) and Eq. (3). The E in the formulas denotes energy

and the fuel stands for fuel production.

E embodied — E manufacturing +E installation T E recycling (2)
E operational — E wse T E fuel (3)
E tota1= E embodiea T E operational (4)

The embodied energy on the manufacturing and recycling phases was quantified based on the data

shown in Table 5.

Table 5. Embodied energy consumption for four main materials (Ashby, 2012)

Unit: MJ/kg Stainless steel Cast iron Cast steel Aluminum
Material production 81.0-88.0 16.0-20.0 31.0-34.0 200.0-220.0
Casting 10.0-12.0 10.0-11.0 10.9-12.0 11.0-12.2
Recycling 11.0-13.0 10.0-11.0 7.7-9.5 22.0-33.0
Total 113.0%* 42.0%* 55.5% 265.2%

* highest values were taken for more conservative calculations

Concerning the installation stage, the electricity used for welding process was estimated as 1,361.32
MJ/ton according to a research paper. The study presented that a 1,700 gross tonnage ship would need
117.2 km of welding and 15 MJ of energy would be consumed for 1 m of welding line (Johnsen and

Fet, 1999).
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An LNG carrier was selected as a case ship to investigate the environmental impacts of the proposed
re-liquefaction systems on the use phase (operational energy). The cargo capacity of the case ship was
174,200 m®, representing a typical large LNG carrier. The ship’s specification is described in Table 6.
It also shows the amount of the BOG naturally generated in both ballast and laden conditions. To
calculate the amount of the BOG in kg, the density of LNG was assumed to be 485 kg/m? (Dobrota et

al., 2013).

Table 6. Case ship’s specification, regular voyage and BOR (By curtesy of Hyundai LNG Co., Ltd.).

LNG carrier (Membrane type tanks)

Length 290.50 m Gross tonnage 115,541 tons

Breath 47.61 m Cargo capacity 174,200.73 m® (100%)

S5G70ME - C9.5 - GI x 2 sets

Depth 26.50 m Main engine (M-type Electronically controlled Gas
Injection)
Ballast Laden In port Total
1 Return voyage
27 days 30 days 2 days 59 days
Ballast voyage Laden voyage
BOR
0.07%/day 0.08%/day

Table 7 shows the total BOG generated over the entire life stretch of the case ship and the corresponding
running hours of the re-liquefaction plants. This case ship was assumed to be operated for 25 years with
regular travels between the USA and South Korea; it is the actual voyage route. According to the ship
operational profile, 155 voyages throughout the ship’s lifetime were projected. The predicted running
hour of re-liquefaction systems was drawn with a downtime of 5% considered given the regular

maintenance of the ship and possible anchoring periods in off-peak seasons.
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Table 7. Running hour prediction in accordance with the case ship’s BOR and usual voyage (By
curtesy of Hyundai LNG Co., Ltd.).

Ballast voyage Laden voyage
BOG (kg / hour) 2,464.17 2,816.23
Daily BOG (kg / day) 5.91x10* 6.76x10*
BOG (for 25 years) 2.48x10% kg 3.14x10% kg
Total BOG (for 25 years) 5.62x10% kg
Maximum run hours 1.40x10° hours
Estimated running hour 1.33x10° hours (downtime 5%)

The total fuel consumption of each system was calculated in the combination between the estimated
running hour and the power consumption acquired by the HYSY'S analyses. Since the electricity for re-
liquefaction is generated by onboard auxiliary generator engines, Eq. (5) was employed for calculating
the amounts of required HFO. In the equation, an average of 190 g/kWh was assumed as the SFOC

(Specific Fuel Oil Consumption) in accordance with the engine maker’s guidebook (MAN, 2020).

F=SFOC x P xH (5)

Where,

F is the fuel consumption (g);

SFOC represents the specific fuel oil consumption of the generator engine (g/kWh);

P denotes the required power of the considered re-liquefaction plants (kW);

H is the running hour of the plants (h).

The amounts of emissions on the use phase were calculated based on standardized emissions factors

presented in Table 8.
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Table 8. Emission factors (IMO, 2014)

Emissions in kg per 1kg of HFO

CO2 NOx SOx PM CO CH4 N2O NMVOC

3.1

49x102 | 53x107% | 6.3x10% | 2.4x10° | 4.0x10° 1.6x10* 1.8x1073

2.3 Stage 3: Life cycle impact assessment (LCIA)

Under the same GaBi platform, Stage 3 began to classify numerous types of emissions and combine

them into representative units by applying characterization factors. LCIA results were presented with a

variety of impact categories. Of these, this paper was focused on estimating the five impact categories

for a simple reason that they have been mainly concerned in the marine sector:

GWP (Global Warming Potential): global warming is most well-known phenomenon which the
earth is facing. IMO has driven decarbonization in the shipping industry with a goal of halving

the CO; (carbon dioxide) emission level of 2008 by 2050,

PM; 5 (Particulate Matter): it refers to fine particles and droplets, which causes not only poor
visibility but also respiratory problems. This pollutant is limited by IMO MARPOL Annex VI

Regulation 14,

POCP (Photochemical Ozone Creation Potential): a high concentration of ozone near the
ground has detrimental effects on human health and plants. NMVOC (Non-Methane Volatile
Organic Compound) is a culprit of POCP so that the release of NMVOC is restricted by IMO

MARPOL Annex VI Regulation 15,

EP (Eutrophication Potential): excessive nutrients can be added to soils or waters. IMO
MARPOL Annex VI Regulation 13 controls nitrogen oxides (a great contributor for EP)

released from the combustion of marine engines,

AP (Acidification Potential): air pollutants are transformed into acids, which can acidify soils

and waters. The sulphur content (AP contributor) of marine fuel oils are regulated by IMO
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MARPOL Annex VI Regulation 14.

The results of the impact categories were driven through two LCIA methods: CML2001 presented by
the institute of Leiden University and ILCD (International reference Life Cycle Data system) developed
by European Commission. ILCD was chosen to measure eutrophication effects particularly on the
marine environment. CML2001 showed AP values in kg, which was consistent with the other four

categories from ILCD.

The CML2001 is the most common method across the industries. In particular, the vast majority of LCA
research in the marine industry has adopted CML2001 as the standard method (it can be easily
confirmed once having a quick look at past maritime research referenced in this paper). To keep the
consistency with the current practice, the CML2001 would be helpful for understanding and comparison
if any. For a cross-check purpose, this paper adopted a second method of ILCD; since the current

research was based in the UK, a view of European standards was thought of as necessary.

2.4 Stage 4: Interpretation

Considering data quality, assumptions and methods according to the goal and scope declared in Stage
1, several variables would need to be further investigated in order to confirm whether the results would

be still consistent with the changes in those predefined parameters.

One variable is the change in the amount of electricity used by re-liquefaction systems. This factor
could considerably affect the amount of air pollutants on the use phase of the considered systems, known
as the most dominant stage of product’s lifetime throughout the reviewed studies. Their operational
profiles might vary chiefly owing to two reasons for their lifespan. There might be difference in the
boil-off rate on account of sea conditions, ambient temperatures, the ageing of the systems, the use of
BOG for onboard engines and more, which can bring about either an increase or decrease in electricity
consumption. The other reason is the state of the re-liquefaction plants. Despite regular maintenance, a

system is hardly kept in an optimal condition until the end of life. Four cases with a range from 80 to
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120% of preset power consumption were simulated.

As the second variable, different fuels for onboard electricity generation were also examined to
determine the impacts they would have on emissions levels as the electricity was supplied to the re-
liquefaction systems. The use of a different fuel could have a substantial influence on both emissions
from its production and combustion. MGO and LNG scenarios were assumed instead of HFO. MGO
has been used onboard ships to comply with stricter sulphur restrictions in certain sea areas called ECAs
(Emission Control Areas). The BOG used to be burned almost solely by steam boilers in turbine-based
ships; however, it started to be used by internal combustion engines with the development of dual fuel
engines. Other types of ship as well as LNG carriers can be fitted with dual fuel propulsion engines
along with dual fuel gensets as an option to satisfy the standards of the newly enforced sulphur cap in

2020.

The same SFOC as the HFO case was applied to the MGO one. As for the use of LNG, a SFGC (Specific
Fuel Gas Consumption) of 150 g/kWh was assumed and the pilot oil (HFO) consumption was set to 2.5
g/kWh with model brochures from well-known engine manufacturers considered (MAN, 2020; WinGD,

2015). The emissions factors with regard to the two fuels taken from IMO’s data are shown in Table 9.

Table 9. Emissions factors for MGO and LNG (IMO, 2014)

Emissions in kg per 1kg of the specified fuels

CO2 NOx SOx PM CO CH4 N0 NMVOC

MGO 32 4.6x102 | 2.7<107 | 8.9x10* | 2.4x103 | 4.0x10° | 1.6x10* | 1.8x107

LNG 2.8 7.8x107° | 2.0x10° | 1.8x10* | 7.8x107 | 5.1x102 | 1.1x10* | 3.0x107

Another factor to be considered is the BOR of the case LNG carrier. In this LCA study, the BORs were
determined by the case ship’s records. However, this parameter can be changed under various situations
over life time, resulting in a significant effect on the LCA results. To demonstrate environmental

benefits of the PRS, a sensitivity analysis for different BORs were conducted. Huan et al. (2019)
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presented that most newbuilt LNG carriers had a BOR of 0.1%/day. Based on this paper, 0.1%/day was
chosen as a conservative case while 0.05%/day was opted for as an optimistic case with an improved
cargo containment system. As for those two cases, the same declared BORs were applied to the
calculations no matter whether the ship was loaded or not. To exemplify, the rate of 0.1%/day was

assumed for both its laden and ballast voyages in the case of the former case. Table 10 summarizes the

predicted quantities of BOG and the estimation of lifetime running hours of re-liquefaction systems.

Table 10. Two scenarios with different BOGs

BOR 0.05%/day 0.1%/day

BOG (kg/hour) 175833 3.520.83

Daily BOG (kg/day) 422x10° 8 45%10°
BOG (for 25 years) 3.73x10% kg 7.46x10% kg

Maximum run hours

9.33x10* hours

1.87x10° hours

Estimated running hour

8.86x10* hours (downtime 5%)

1.77x10° hours (downtime 5%)

The efficiency of heat exchangers has been selected as the last parameter to be verified. It can be defined
as the actual transferred heat per the heat to be transferred in an ideal heat exchanger. The HYSYS
analyses assumed the heat exchange efficiency to be equally ideal earlier. This variable can dictate how
much electricity is consumed by the compressors of a re-liquefaction system; accordingly, it can be
linked directly with the degrees of environmental impact caused by the use of onboard re-liquefaction
systems. To confirm what extent the variable can alter the results of the assessment, three different heat

exchange efficiencies have been taken into account, which were 70, 80 and 90%.

After the consistency of the LCIA results were guaranteed through the described sensitivity analyses,
conclusions were drawn with probable suggestions given the target audiences set in Stage 1 on the basis

of the key findings of this assessment.

33



3 Results

3.1 Results of LCIA

The five environmental potentials associated with the entire life stages are depicted in Fig. 7. Overall,
it shows the PRS + SMR would be the most optimal option, whereas the MRS would be the worst from
an environmental perspective. Regarding GWP, the MRS discharged 5.99x10% kg CO2 eq., which was
around 25% higher than the emission produced from the PRS + SMR. The PRS + MRS and the
enhanced SMR came after the PRS + SMR with producing 4.66x10® and 4.93x10® kg. The SMR

released a comparable amount of emissions with the MRS, recording 5.64x10® kg.

The very same trend was observed in regard to the other local pollutants. The MRS was the greatest
producer in terms of all five categories. Again, the opposite was true with the PRS + SMR. It is noticed
that the differences in results between the two options were analogous across all the impacts: GWP, PM,

POCP, EP and AP. As for the other re-liquefaction systems, akin trends are perceived.
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Fig. 7. Five measured emissions from the five re-liquefaction systems

Fig. 8 breaks down the GWP values into individual activity levels. It is seen that the vast majority of

GWP stemmed from the use phase. Around 88% of GWP was ascribed to the operation of the re-

liquefaction systems. The fuel production phase was proven to be the second greatest contributor, which

accounted for about 11% of the total CO; eq. Although the rest phases discharged a considerable amount

of pollutants associated with GWP, their contributions were relatively negligible as they did not even

reach 1% of the total amount.
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Fig. 8. GWP involved on each phase of the lifecycle

Fig. 9 and Table 11 present the emissions of the other four impact categories except GWP on each stage
of the lifecycle. The identical y-axis was placed on all the charts in Fig. 9 for comparison reasons. The

bar charts show the cumulative amounts of the four categories over the life cycle stages.

In general, nearly all pollutants in relation to the four potentials were discharged while the systems were
re-liquefying BOG onboard LNG carriers. It is noteworthy that the fuel production phase had far less
influences on the total emissions of PM, POCP, EP and AP than it did on GWP. Their contributions to
the total ranged from 1.5% to 3%. This implies that these four environmental impacts derived almost

totally from the internal combustion processes of onboard generator engines as the electricity generated
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from them was provided to the re-liquefaction systems during their operation.
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Fig. 9. PM, POCP, EP and AP involved on each life stage of the five re-liquefaction options
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Table 11. PM, POCP, EP and AP on each stage of the lifespan

Categories Unit Manufacturing Installation Fuel production Use Recycling Total
PM kg PMyseq. 1.70x10° 1.07x10? 2.42x10* 1.56x10° 2.73x102 1.58x10°
POCP kg NMVOC eq. 5.31x10° 3.32x10? 2.88x10° 8.71x10° 8.50x10? 9.01x10°
SMR EP kg N eq. 1.78x10° 1.11x10? 7.79x10% 3.01x10° 2.84x107 3.09%x10°
AP kg SOs eq. 8.95x10° 5.60x10? 3.77x10° 1.38x10’ 1.43x10° 1.42x107
PM kg PM»seq. 1.90x10? 1.13x10? 1.93x10* 1.24x109 2.99x102 1.26x10°
POCP kg NMVOC eq. 5.91x10° 3.52x10? 2.28%10° 6.92x10° 9.32x102 7.16x10°

PRS + SMR

EP kg N eq. 1.98x10° 1.18x10? 6.19x10* 2.40%x10° 3.12x10? 2.46x10°
AP kg SO» eq. 1.00x10* 5.93x10? 3.00x10° 1.10x107 1.57x10° 1.13x107
PM kg PMyseq. 1.87x10° 1.12x10? 2.11x10* 1.36x10° 2.93x10? 1.38x10°
Enhanced POCP kg NMVOC eq. 5.81x10° 3.47x10? 2.51x10° 7.60%x10° 9.12x10? 7.86x10°
SMR EP kg N eq. 1.94x10° 1.16x10? 6.80x10* 2.63x10° 3.05x102 2.70x10%
AP kg SOs eq. 9.82x10° 5.85x10? 3.29x10° 1.21x107 1.54x10° 1.24x107
PM kg PMaseq. 1.74x10° 1.05x10? 2.57x10* 1.65x109 2.71x10? 1.68x109
POCP kg NMVOC eq. 5.41x10° 3.26x10? 3.06x10° 9.26x10° 8.44x10? 9.58%10°
MRS EP kg N eq. 1.81x10° 1.09x10? 8.28x10* 3.20x10° 2.82x10? 3.28%10°
AP kg SO; eq. 9.13x10? 5.49x10? 4.01x10° 1.47x107 1.42x10° 1.51x107
PM kg PMaseq. 1.90x10° 1.12x10? 2.00x10* 1.29x10° 2.95%10? 1.31x10°
POCP kg NMVOC eq. 5.91x10° 3.47x10? 2.37x10° 7.19x10° 9.18x10? 7.44x10°
PRS+ MRS EP kg N eq. 1.97x10° 1.16x10? 6.43x10* 2.49x10° 3.07x10? 2.55x109
AP kg SOs eq. 9.92x10° 5.85x10? 3.11x10° 1.14x107 1.55x10° 1.17x107
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The LCIA results have demonstrated that the PRS will contribute to reducing the adverse environmental
impacts overall. To repeat, the PRS-combined systems were confirmed to emit least amount of
pollutants across the life cycle phases. Given 25 years of the ship lifespan, the governing factor that
causes emissions is associated with all activities in relation to the production and the use of electricity
for operating the systems, which guides us much about why the PRSs with high efficiency needs to be
used for LNG carriers. Indeed, from the findings, it can be inferred that environmental impacts are

heavily relied on the system efficiency.

It should be worthwhile to further identify environmental harms with the life stages other than energy
production and system operation (use and fuel production phases). Fig. 10 illustrates how much
pollutants were produced from the manufacturing, installation and recycling stages. Whilst a
considerable amount of GHG (Greenhouse Gas) was discharged, the emission degrees of the other
categories were relatively insignificant. Unlike the total estimated results, the two PRS plants produced
more emissions in those stages. This is because they contain not only additional components such as
heat exchangers and compressors but also more loop pipes to raise the energy efficiency as much as

possible.
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Fig. 10. Emissions from manufacturing, installation and recycling activities

The identified GWP can be traced back to the production and recycling activities of the materials. Fig.
11 shows the material compositions of each system and energy used for manufacturing and recycling
the materials within the systems. More than half the systems would be made from stainless steel due to
the cryogenic behavior of LNG. Cast iron and cast steel formed approximately 20% of the systems.
Only a small percentage of the systems consisted of Aluminum. It was observed that aluminum and
stainless-steel parts had more adverse impacts on nature considering the proportions of them in the

systems.
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Fig. 11. Identification of environmentally burdensome materials

3.2 Sensitivity analysis (Results of Interpretation)

It has been confirmed that whether the system has a high energy efficiency or not is critical in terms of
emission levels. Re-liquefaction plants are not likely to operate at their optimal loads at all times due to
system worn-out, variation in BOG usage and so forth. Those situations would have an influence on the
energy consumption of the proposed systems to a certain degree. A sensitivity analysis considering

several possible deviations in electricity consumption was conducted; 20% less, 10% less, 10% more
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and 20% more electricity consumed by the re-liquefaction systems. Table 12 presents the percentages
representing relative ratios to the emissions calculated by the LCIA. Throughout all the four scenarios,

the two PRS options were the most environmentally favorable.

Table 12. Sensitivity analysis on electricity consumption

Variation
Category -20% -10% +10% +20%
GWP 79.97% 89.90% 109.92% 119.85%
PM 80.41% 90.52% 110.11% 120.23%
SMR POCP 80.01% 90.01% 109.99% 119.99%
EP 79.95% 89.97% 110.03% 120.05%
AP 80.30% 90.15% 110.56% 120.41%
GWP 80.16% 90.19% 110.03% 119.84%
PM 80.20% 89.70% 109.51% 119.80%
PRS + SMR POCP 80.02% 90.08% 110.06% 119.98%
EP 80.10% 89.85% 109.75% 119.90%
AP 80.11% 90.28% 109.72% 120.33%
GWP 80.10% 90.05% 109.95% 119.90%
PM 80.47% 89.87% 110.13% 120.26%
Enhanced

POCP 80.02% 90.07% 110.05% 119.98%

SMR
EP 80.02% 90.01% 109.99% 119.98%
AP 80.10% 90.33% 110.47% 120.14%
GWP 79.98% 89.99% 109.84% 119.86%
PM 80.38% 90.49% 110.11% 120.21%

MRS
POCP 79.95% 89.98% 109.71% 120.15%
EP 80.20% 90.25% 110.05% 120.11%
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AP 80.15% 90.07% 109.93% 120.51%

GWP 80.24% 90.12% 110.09% 119.97%

PM 80.19% 90.09% 109.91% 119.81%

PRS + MRS POCP 79.97% 89.92% 109.95% 119.90%
EP 80.02% 89.81% 109.79% 119.98%

AP 80.28% 90.61% 110.25% 120.49%

Another sensitivity study was performed concerning the fuel type for onboard power generation since
the use phase of the re-liquefaction systems contributed the most to the estimated emissions via the
LCIA. MGO and LNG were selected for these analyses. In the case of LNG, the reduction in BOG due
to the gas consumption for power generation was not considered. Table 13 displays both rises and
declines in emissions compared to the HFO case. The most remarkable finding is that there was more
GWP when the auxiliary engines of the case ship were operated on MGO or LNG. As for the MGO

case, the increased GWP is derived from the larger CO, emission factor than that of HFO.

Unlike the case of MGO, the use of LNG resulted in more potential relating to global warming despite
the CO, factor being lower than those of HFO and MGO. To examine the cause of the increment, another
simulation was carried out with a different CH4 factor of 2.0x102. The factor was obtained from an
LCA study regarding marine fuels (Gilbert et al. (2018). The LNG case 2 with the lower CH4 factor led
to a moderate fall in the GWP in comparison to that of HFO. From the results of the LNG case 2, it was
reminded that methane slip would be of significance as for the GWP. The reason is that 1 kg of methane
causes far more serious harm to the environment than the same amount of CO,. The relatively higher
methane emission factor from IMO might be due to the fact that the study only considered low-pressure

dual fuel engines, which are known to involve more methane slip than their high-pressure counterparts.

In the case of the lowered methane slip, there were reductions in all five impact categories. Especially,
the emission levels except GWP plunged by a range from 80 to 96%. In spite of the slightly increased

GWP, the use of MGO instead of HFO cut significant amounts of PM and AP. Such an improvement is
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achieved by the fact that those two potentials are closely related to the sulphur content of fuels used.

The improved POCP and EP were also discovered.

With all the three fuel cases considered, it can be finally concluded that the two re-liquefaction systems

incorporating PRSs will contribute the least to the pollution of the environment.

Table 13. Sensitivity analysis on the fuel type for electricity

Variation
Category MGO LNG (case 1) LNG (case 2)

GWP 103.72% 112.05% 92.73%

PM 15.55% 4.14% 4.14%

SMR POCP 88.01% 20.39% 19.95%
EP 94.50% 16.18% 16.18%

AP 32.16% 6.11% 6.11%

GWP 103.79% 112.04% 92.87%

PM 15.55% 4.17% 4.17%

PRS + SMR POCP 88.12% 20.36% 19.94%
EP 94.31% 16.18% 16.18%

AP 32.11% 6.14% 6.14%

GWP 103.65% 111.98% 92.89%

PM 15.57% 4.16% 4.16%

Enhanced POCP 88.04% 20.33% 19.94%

SMR

EP 94.08% 16.18% 16.18%

AP 32.16% 6.13% 6.13%
GWP 103.67% 112.01% 92.83%

MRS PM 15.52% 4.13% 2.13%
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POCP 87.99% 20.33% 19.91%

EP 94.52% 16.21% 16.21%

AP 32.17% 6.11% 6.11%

GWP 103.87% 112.24% 92.91%

PM 15.49% 4.16% 4.16%

PRS + MRS POCP 88.03% 20.40% 19.86%
EP 94.51% 16.20% 16.20%

AP 32.21% 6.15% 6.15%

How varied BORs can affect the environmental performance of the considered systems is presented in
Table 14. The changed rates were positively correlated with the five emissions in both optimistic and
conservative scenarios. However, it was proven that the two considered PRS options would be the least

harmful in all five environmental potentials. Indeed, all the five re-liquefaction systems showed similar

trends of rise/drop in emissions according to the altered BORs.

Table 14. Sensitivity analysis on different BORs

Variation

Category 0.05%/day 0.1%/day

GWP 66.51% 132.61%

PM 66.50% 132.87%

SMR POCP 66.47% 133.31%

EP 66.37% 132.99%

AP 66.65% 133.07%

GWP 66.79% 132.77%

PRS +SMR PM 66.41% 132.48%
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POCP 66.47% 132.83%

EP 66.29% 132.49%

AP 66.50% 132.71%

GWP 66.71% 132.69%

PM 66.58% 133.28%

Enhanced SMR POCP 66.53% 132.45%
EP 66.33% 132.56%

AP 66.56% 133.03%

GWP 66.63% 132.54%

PM 66.71% 133.29%

MRS POCP 66.48% 132.68%

EP 66.49% 132.90%

AP 66.25% 133.09%

GWP 66.71% 132.65%

PM 66.32% 132.77%

PRS + MRS POCP 66.39% 132.81%
EP 66.31% 132.91%

AP 66.70% 133.30%

Table 15 explicitly indicates the higher efficient heat exchangers, the less pollutants. What is noticeable
is that the SMR and the MRS were affected less due to the heat exchange performance compared with
the other options. The reason is that the three re-liquefaction options utilize BOG's cold energy by
placing more heat exchangers or precooling in a larger main heat exchanger. Although the gap between
the PRS introduced options and the rest ones was lessened slightly owing to the reduced heat transfer
rates, the PRS + SMR still emitted the least pollutants, which were approximately 23% less than those

of the MRS.
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Table 15. Sensitivity analysis on the varied efficiencies of heat exchangers

Variation
Category 70% 80% 90%

GWP 127.82% 118.61% 109.39%

PM 128.44% 118.96% 109.48%

SMR POCP 127.76% 118.88% 109.55%

EP 128.14% 118.76% 109.70%

AP 128.15% 119.00% 109.85%

GWP 130.54% 120.51% 110.48%

PM 130.10% 120.60% 110.30%

PRS + SMR POCP 130.60% 120.54% 110.48%

EP 130.46% 120.31% 110.15%

AP 130.94% 120.33% 110.61%

GWP 130.25% 120.30% 110.35%

PM 130.38% 120.26% 110.85%

Enhanced POCP 129.91% 120.49% 110.44%
SMR

EP 130.34% 120.35% 110.36%

AP 130.62% 120.95% 110.47%

GWP 127.36% 118.19% 109.01%

PM 127.94% 118.43% 109.51%

MRS POCP 127.46% 118.06% 108.67%

EP 127.73% 118.59% 109.14%

AP 127.79% 118.53% 109.26%

PRS + MRS GWP 130.28% 120.40% 110.31%
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PM 129.72% 119.81% 109.91%

POCP 130.25% 120.30% 110.22%
EP 130.56% 120.37% 110.19%
AP 130.74% 120.49% 111.10%

4 Discussions

It is necessary to take a way back to the fundamental question posed in Introduction. Research findings
are believed to be able to offer an answer—or at least to give an insight into seeking a direction to find

the answer—in two folds: industrial applications and implications for theory and practice.

4.1 Industrial applications

The LCIA results unveiled that almost all pollutants concerning the five adverse potentials were
attributable to the use stage of the re-liquefaction systems, which would be well agreed with a paper
which examined emissions during the lifecycle of yachts (Cucinotta et al.,2016). The scope of the
analysis seems to be a bit different from that of a marine system. However, the operation of marine
engine systems has been identified as the most dominating stage through most past LCA studies as those
engines burn an enormous amount of fuels during their lifetime. To make things worse, HFO, the most
common marine fuel, is a low-quality oil produced from refinery processes, implying that it can contain

harmful substances such as sulphur.

The oil product is also supplied to marine auxiliary engines to generate electricity onboard ships. In
other words, LNG re-liquefaction systems consume the HFO in an indirect way during their operation.
The research findings suggest three ways to lower emissions released from the systems. First, re-
liquefaction systems with high energy efficiency is always desirable. In short, the PRS-combined
systems could be the best solution. Second, the efficiency of auxiliary engines could be improved or
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optimized considering exact ranges of power use onboard a particular ship. Last, the onboard electricity
might be produced by a cleaner fuel source such as LNG, ammonia and hydrogen. However, the
emissions from the upstream processes of alternative fuels should be carefully examined since it is also
possible that more energy is embodied on the production of alternative fuels compared to traditional oil

products.

Another finding was that the use of aluminum and stainless steel can cause harm to nature while it is
produced and recycled. In a similar context, Tuan and Wei (2018) emphasized that a significant amount
of energy was consumed during material production. In respect to aluminum, about 10 times more
energy is spent on the manufacture of aluminum products than cast iron ones according to an LCA
reference book (Ashby, 2012). It can be recommended that the use of aluminum for re-liquefaction
plants should be lowered if other types of materials could replace it. However, aluminum is mainly used
for the heat exchangers of re-liquefaction systems owing to its good heat transfer characteristics. It must
be difficult to choose an alternative material, since it can directly affect the system efficiency, the most
crucial contributor to emissions as described earlier. As for stainless steel, the use of it may be reduced

by optimal pipe paths and more precise process simulations since it composes most of cryogenic parts.

With the upward demand for LNG carriers, this research has confirmed that the application of the PRS
will make a robust contribution to reducing emissions in the LNG shipping field. When it comes to
global LNG supply chain, the emissions attributed to onboard re-liquefaction systems belong to the
shipping category. According to Mallapragada et al. (2018), this stage emitted the most pollutants if the
power production phase as an end-user was excluded in the case of LNG exports from the USA to
diverse probable importing nations in Europe, Asia and South America. This research assumed that
BOG was re-liquefied by onboard systems. However, most of the studies which investigated
environmental potentials of the LNG supply chain did not consider various re-liquefaction systems.
Given that those systems are one of the greatest power consumers onboard LNG carriers, implementing
the PRS options on a large number of LNG trading tankers may be a noticeable contribution to cutting

emissions from the supply chain by sea in conjunction with optimal navigation routes and more efficient
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marine engines.

This study also offers an inspiration regarding the offshore units such as FLNG (Floating Liquefied
Natural Gas) and FSRU (Floating Storage Regasification Unit), where similar LNG re-liquefaction
systems are operated on a much larger scale. Therefore, it can be further inferred that a proper design
and use of LNG re-liquefaction systems in the offshore units will lead to more environmental benefits

at a larger level than the marine vessels.

The environmental benefits of the PRS can be further extended to other sorts of liquefied gas carriers
although each type of ship deals with a different liquid form of gas such as LPG (Liquified Petroleum
Gas), ethane, ammonia, hydrogen and so on. The PRS system has to be modified depending on the
characteristics of the gas to be treated including its boiling point. Even if the PRS cannot be designed
in the same way as those of LNG carriers, this research still delivers insights into how ecologically
beneficial it would be to exploit the cold energy stemmed directly from BOG in re-liquefaction

processes.

Lastly, research findings from this LCA will help decision makers obtain better information when they
select LNG re-liquefaction systems. This study can also encourage designers, manufacturers and

operators to improve their products by observing emissions at different life cycle stages.

4.2 Implications for theory and practice

IMO and local maritime authorities, which have agreed with the reduction of GHG by half of 2008 level
by 2050, are presently striving to find a proper measurement to assess the emission levels (IMO, 2018).
LCA is highly believed as a perfect fit for this need due to the fact that the method is even more
comprehensive, compared to the conventional environmental assessment approaches focusing primarily
on GHG. Most experts in the marine industry have claimed that the improvement of system efficiency
alone may not be able to achieve GHG 2050 goal. Instead, LCA can guide us all directions to cut diverse

harmful potentials attributable to maritime activities.
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This LCA research has evidently proven that the integration of the PRS either with the SMR or the MRS
could significantly contribute to curbing emissions. The methodology introduced for this study can have
useful implications for the marine industry with providing an LCA idea. Not only marine systems but
also a wide range of machinery or land-based plants are bound to release far more emissions on their
operational phases compared to other stages of their life cycles, which means that calculating emissions
during operation is essential in assessing environmental potentials of the systems. This LCA has adopted
HYSYS analyses to estimate the efficiencies of the re-liquefaction options, which can be regarded as

adding an effective tool to existing theories regarding environmental assessment.

The developed LCA approach can be employed by practitioners in a myriad of fields. Especially global
corporations have been exploring ways to accomplish more sustainable and greener production. There
is often scarce data available in regard to products manufactured by commercial companies. This tool

will help experts establish their future schemes for cleaner industrial activities.

The novelty of this study may be to take a different path by evaluating the excellence of the PRS system
from a holistic environmental impact perspective as most of the previous studies aimed to investigate
the operating performance of LNG re-liquefaction systems in terms of efficiency. Another notable point
of this research is that an LCA study was combined with HYSY'S process simulations, which estimated
the power consumption of the five considered options. As LCA is still underused in the marine industry,
this research can contribute to expanding the usage of LCA in this sector as a standard environmental

measurement tool.

5 Conclusions

The findings of this LCA study can be summarized as follows.

e The PRS-combined LNG re-liquefaction systems—the PRS + SMR and the PRS + MRS—
were found to excel in the energy efficiency and environmental performance over the

conventional systems such as the SMR, the MRS and the Enhanced SMR.
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e As the most optimal solution, when the PRS + SMR is applied to a 174K LNG carrier over 25
years, it was estimated to produce 4.49x10% kg CO, eq., 1.25%10° kg PMys eq., 7.16x10° kg
NMVOC eq., 2.46x10°kg N eq. and 1.13x10” kg SO, eq. in its lifetime, which were roughly

up to 25% less than the conventional systems.

e Chemical process simulations incorporated with the LCA were found helpful to quantify the
amounts of varied pollutants during the operation of the re-liquefaction systems. This fusion

method may be employed in other industrial sectors to accomplish better assessment.

LNG has been in the spotlight in many sectors which seek strategies to curtail harm to the environment.
This fuel has been proven to discharge far less emissions during its combustion in comparison to
conventional fossil fuels by a variety of research; however, it is also vital to lower environmentally
adverse potentials attributable to all the previous stages starting from its birth to achieve truly cleaner
industrial activities. In this respect, this LCA research is expected to contribute to reduction in emissions
from LNG shipping, which is part of LNG supply chain paths by encouraging concerned decision
makers to introduce eco-friendly PRS re-liquefaction systems onboard LNG carriers. Considering a
rising trend in international LNG usage, the introduction of the PRS systems instead of traditional
options may be a noteworthy addition to the efforts to lower emissions generated from the transportation

of LNG by sea.

In practice, another PRS option might be better suited for LNG trading tankers although this research
has demonstrated that the PRS + SMR was the environmentally most favorable system with a full re-
liquefaction capacity. The reason is that there would be some challenges encountered with the PRS +
SMR due to the difficulty of the management of single mixed refrigerants under the sea-going condition,
which brings about high operational and maintenance costs. Given this, the PRS + MRS, which recorded
second least emissions, could be a good alternative with good operability and almost equivalently
excellent environmental performance. The single PRS or the enhanced PRS can also be considered to
be implemented depending on the size of LNG carriers, navigation routes, management strategies of

each company and so on.
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There is still some work to be done to develop this research further as below.

e Maintenance and transport phases of LNG re-liquefaction modules can be taken into account

to cover their entire life cycles even if the impacts may be less than the other considered stages.

e More diverse LCA categories may be explored to discuss other environmental effects caused

by LNG re-liquefaction onboard LNG carriers.

e The results should be drawn by more case LNG trading tankers whose cargo capacities differ

with various route scenarios to obtain more objective and reliable findings.

e Assessment on costs or risks involved in employing LNG re-liquefaction systems can help

select a superior option from different perspectives.
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