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Abstract: Air pollution, which causes over seven million deaths per year, is the most significant and
specifically related to health impacts. Nearly 90% of the urban population worldwide is exposed to
pollution not meeting the World Health Organization guidelines for air quality. Many atmospheric
carbon oxides, nitrogen oxides, and particulate matter emitting sources, such as inefficient energy and
polluting transportation, directly impact health. Natural gas maritime transport from various parts
of the world (carbon supplied to consuming areas) has become more critical. Natural gas liquefaction
offers a cleaner and more efficient transportation option and also increases its storage capacity. It is
expected that natural gas will reduce the human health impact compared with other traditional fuels
consumed. This research establishes a life cycle assessment model of air emission and social human
health impact related to LNG maritime transport to investigate the impact of each type of fuel used
for the numerous maritime carriers. In order to build a model for air emissions and social human
health impact assessments based on hypotheses on various unknown criteria, a calculation model is
used. The results revealed Conventional-2 fuel type has the lowest human health impact for annual
mode calculations, followed by Conventional-1, Q-Max, and finally Q-Flex. The analysis method for
the per year demonstrated discrepancies in the relative human health impact due to the variation
of the annual LNG demand by each destination and not only per the trip needs. The results show
the importance of using a relatively cleaner fuel type such as Conventional-2 in reducing the health
impact of LNG maritime transportation. Moreover, it shows differences in the air emissions as well
as the human health impact based on the destination’s location and annual LNG demand.

Keywords: air emissions; liquified natural gas; maritime transport; social human health; life cycle
assessment

1. Introduction

The development of industrial technology has allowed people to exchange products
without barriers; seaborne trading has lead significantly to this trend. The growth in the
number of goods shipped by carriers has contributed to a rise in fossil fuel utilization.
About 10.7 billion tons of goods were exchanged by water in 2017, which constitutes an
immense volume of energy use, thus increasing pollution. In this regard, the International
Maritime Organization (IMO) has established a sequence of rigorous pollution control
guidelines. In fact, Append VI Reg. MARPOL. 14 proposes a radical decrease in the
sulfur content of maritime fuels starting in January 2020, where the sulfur substance of
such fossil fuel is limited to 0.5% in non-emission control areas [1]. Since standard marine
petroleum fuels cannot comply with these requirements, marine engineers and ship owners
are turning their focus to alternative energy sources. Actually, liquefied natural gas (LNG)
is known as a truly convincing alternative of maritime fuels that is capable of coping with
the future air emission requirements for reducing carbon oxides (COx), hydrocarbons,
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particulate matter (PM), nitrogen oxides (NOx) and sulfur oxides (SOx). Consequently,
LNG-fueled ships have been steadily integrated into the maritime trade, reaching more
than 100 ships worldwide [2].

The principal exhaust emissions from ships significantly affect air quality and climate
change, which are fundamentally international problems. The Paris Agreement acknowl-
edges this as an imminent challenge and lays out the stabilization target of controlling the
global temperature rise to less than 2 ◦C. Although greenhouse gas (GHG) emissions have
grown exponentially, deep cuts are needed to accomplish this objective, where the shipping
sector has gained traction in recent years. In 1997, the Kyoto Protocol handed down the
IMO action to mitigate the carbon footprint from worldwide shipping. In 2011, the IMO
adopted amendments to MARPOL ANNEX VI, the atmospheric pollution section of its
environmental principle, by implementing the Energy Efficiency Design Index (EEDI) and
the Ship Energy Efficiency Management Plan (SEEMP). However, these steps do not en-
tirely resolve air pollution happening from the unquestionable expansion of shipping trade,
which also necessitates a step-by-step reform in the industry. The IMO has established a
plan to minimize the carbon footprint to identify the policy of the sector and its part in
promoting the Paris Agreement. It also aims to evaluate the possibilities for reducing GHG
emissions, including renewable fuels [3].

Many atmospheric carbon dioxide emitting sources, such as inefficient energy and
polluting transportation, directly impact health. This observation forms an additional
motivation to mitigate climate change. Air pollution, which causes over seven million
deaths per year, is the most significant and specifically related to health impacts. Nearly
90% of the urban population worldwide was vulnerable to pollution not meeting the
World Health Organization (WHO) standards for ambient air quality [4]. Therefore, a
comprehensive approach to address all risks is required for the close connection between
climate change and polluting activities, in addition to the inclusion of health benefits in
climate change and national health plans and strategies [5].

Following the implementation of the Legislation on the Prevention of Air Pollution
from Ships (Annex VI), several renewable maritime energy sources have been identified
as encouraging possibilities for mitigating atmospheric contamination from carriers. In
the meantime, the usage of alternative or renewable energy resources that can replace
conventional fossil fuels, particularly heavy fuel oil (HFO), has been identified as a fa-
vorable approach to achieve environmentally friendly transport. In addition, growing
people’s attitudes, commitment to environmental conservation, and enhancing air quality
are essential to increase awareness towards sustainability.

LNG has demonstrated slightly improved efficiency than HFO in the environmental
impacts of the life cycle, and LNG emits 92% fewer emissions than HFO [6]. This demon-
stration has created a substantial shift in the need for natural gas globally. Developments
push companies to spend extensively on supply chains to accomplish effective global deliv-
ery of LNG. Demand for natural gas increased after numerous critiques of carbon emissions
from coal-based power plants. The new natural gas consumers represent a two-thirds rise
in the annual amount of natural gas usage [7]. The LNG trade and consumption have
increased dramatically for the last 40 years. Accordingly, the economic status of the LNG
has changed over time. The need for cleaner energy sources has contributed positively to
the use and distribution of LNG manufacturing and economic growth worldwide [8].

The delivery of natural gas depends solely on pipelines and transmission networks
between the supply and demand markets. Engineers currently work on advanced liquefac-
tion and regasification technologies to tailor to an environmentally sustainable working
climate [9]. The disparity in regional sector restrictions and constraints should not signifi-
cantly impact the global market for natural gas. The efficiency of the supplier to distribute
LNG packages at the appropriate period determines the amount of profit. Every year, the
successful revolution in refining and distribution services increases the number of countries
that consume natural gas [10]. Natural gas, unlike other fossil fuels, has its primary level
of energy consumption projected to grow. According to recent global statistics, Qatar is the
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world’s greatest exporter of LNG, with an extensive market in countries like Japan, South
Korea, and the United Kingdom [11].

Natural gas has appeared as the highly favored energy source nowadays. It anticipated
good cost-effectiveness, superior success, and intrinsic environmental benignity. For
overseas importing countries, transporting liquefied gas has several advantages over
pipeline transport. LNG is cleaner than oil and coal and provides a chance to diversify
electricity supplies. Therefore, the use of LNG in the gas market has gained considerable
global attention. Natural gas transportation from multiple parts of the world (carbon
supplied to consuming areas) has become more critical. Natural gas liquefaction offers a
cleaner and more efficient transportation option and likewise raises its storage capacity. The
liquefaction activity involves cooling the gas employing numerous cryogenic techniques
and depressurizing to atmospheric conditions [12].

The social human health impact associated with air emissions from LNG maritime
transport is explained by three hypotheses. The anticipated hypotheses explain the re-
lationship of human health impact and the fuel consumption due to traveling distance,
type of fuel, and type of carrier used for the LNG supply chain. It is expected that the
use of natural gas as a fuel could reduce the human health impact with regards to the
three hypotheses.

This research focuses on establishing a life cycle assessment (LCA) model for air
emission and LNG maritime transport’s social human health impact. It explores creating a
comprehensive social human health impact statistical structure by assessing the amount
of air emissions. The urgency of building the proposed model is driven by the significant
economic value, environmental implications, and clear LNG movement by maritime
shipping for the current and future outlook. In order to build a model for air emissions
and human health impact assessments based on hypotheses on diverse unknown criteria,
a calculation model is used. This study provides a novel and realistic model to estimate
the social human health impact of maritime natural gas transport. Excel is used to build
up a CO2-eq, NOx-eq, and PM2.5-eq estimation model based on ReCiPe 2016 defined
correlations. The proposed model covers the gap in the literature for the conversion of
midpoint air emissions of maritime LNG transportation to endpoint human health impacts.
Besides, this paper introduces a human health impact model for LNG transportation that
considers the varieties of fossil fuel utilized by every single transportation ship. Hence, the
ultimate intentions of the study are outlined as follows:

1. Establishing a methodology of air-related pollutants footprint and social human
health impacts LCA of maritime transport. The case of LNG trade is considered.

2. Developing a model for the quantification of midpoint air emissions (CO2-eq, NOx-eq,
and PM2.5-eq) by LNG shipping vessels.

3. Proposing the method of converting the midpoint air emissions to human health
endpoint impacts for various hydrocarbon commodity-shipping disciplines.

The remainder of the paper is arranged in sections. Section 2 reflects the LNG maritime
shipment literature analysis and the significance of air emissions and human health impacts
on LCA. Section 3 highlights the procedures employed and techniques taken into account
in the study. The methods of calculating the air emissions by the various vessels and fuel
types and converting them using different employed factors to midpoint emissions and
endpoint human health impacts are analyzed. Section 4 explains the findings of the study
in terms of midpoint emissions and endpoint human health impacts. Finally, the conclusion
and recommendations of the study are summarized in Section 5. This section also provides
details on the limitations and future work in connection with this study.

2. Literature Review

One of the critical present-day challenges facing the global community is the need to
meet the rising energy demand while at the same time achieving very substantial reductions
in GHG emissions associated with energy output, transmission, and use. In addition, the
energy sector is transforming through electricity, transport, industrial convergence, and
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inter-sectoral integration. Jang et al. [13] investigated the LNG contribution to the reduction
of environmental releases, specifically in maritime transport. Parametric trend LCA was
used for the study. More than 7000 ships for several uses have been covered under different
scenarios. It was observed that LNG shows better performance than other fuels in the case
of using low-speed with high-pressure dual-fuel engines. However, further study and
optimization work is required for different engines to provide more assurance in utilizing
the LNG as fuel.

Moreover, more research was carried out by Al-Breiki and Bicer [14] to establish a
comparative LCA of numerous energy carriers. These energy carriers include LNG and
other such natural or renewable fuels. The LCA contained the manufacturing, storing, and
transporting of these fuels until the final use by customers. The results show that LNG
still signifies a more promising and environmentally friendly option than other fuels such
as methanol and dimethyl ether, considering the overall fuel life cycle. Song et al. [15]
concentrated on LNG and diesel emissions from heavy-duty boats, as well as China’s
energy consumption. They discovered that around 8.0% of GHG has the potential to be
reduced if LNG is used instead of diesel.

Natural gas is difficult to distribute and store because of its physical properties.
Natural gas is most commonly delivered to customers by pipeline grids or LNG carriers.
LNG stands for natural gas in the liquidized phase that has been condensed and cooled to a
temperature less than −160 ◦C [16]. LNG is a mixture of descending quantities of methane,
ethane, and propane. According to researchers, liquefaction decreases the volume of gas by
about 600 times, making production and warehousing processes easier [17]. Lindstad and
Rialland [18] researched the GHG releases for well-to-wake (WTW) LCA that are related
to LNG and some other conventional energy sources for shipping purposes. The findings
and recommendations stated compliance adaptation requirements to reduce the carbon
footprint. Donev [19] describes LNG transportation as “any attempt to ship or transfer natural
gas in its liquidized phase”. Natural gas transportation is limited to just two options. It is
delivered as LNG by piping channel or by maritime carriers. When it comes to delivering
the gas fuel to far customers, deep-sea ships transporting LNG are more cost-effective than
a network of offshore pipes. LNG shipping has a unique requirement in the global economy
compared to pipeline gas due to reasons such as energy security, operating maintenance,
political constraints, etc. [20]. Methane, which makes up 90% of the overall composition of
natural gas, is the essential component. Natural gas leaks have detrimental consequences
for ecological processes and human health from a socio-environmental perspective, and
methane is one of the global warming pollutants that require prevention from releases to
the environment [21].

The LNG industry attracts a large number of researchers who study its long-term
viability. As an example, Barnett [22] researched the environmental effects of LNG manu-
facturing, shipping, and regasification processes. Tamura et al. [23] concentrated on carbon
footprint and further contaminants released through LNG processing and transmission.
Kameyama et al. [24] are dedicated to the production of LCA computer models for carriers.
They looked at the Life-cycle Inventory (LCI) and the LCI basis for various operations and
shipbuilding facilities. Using LCI, they created a list and tools to help in carrier analysis.
LCI includes a comprehensive study assessment of the par. The supply chains for LNG
production and distribution are complex, necessitating using a systemic environmental
analysis method.

LCA is a method for evaluating several life cycle stages’ ecological effects and proper-
ties, including material acquisition, use, and disposal [25]. ISO 14040:2006 describes the
principles and framework for LCA, including the key stages: aim and scope definitions,
assessment of LCI, and comprehension of the life cycle’s effects [26]. This methodology is
extensively used in practice and addresses diverse ecological issues, including air emission
substances. In 2015, Shi et al. [27] performed another survey, concentrating on the environ-
mental impact of a newly produced diesel-powered engine. The researchers also calculated
the environmental effect of the replicated LNG engine over its entire life cycle as part of
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the LCA. Korre et al. [28], in their research, applied LCA to examine the practices involved
in gas delivery and the production of renewable energy resources. Their results indicate
that they took into account the method for storing and extracting carbon dioxide gas.

Lindstad et al. [29] investigated the conditions of having the LNG as potential fuel
that is considered with a lower carbon footprint in maritime transport. It was found
that employing suitable engine technologies is an important phase in the design and
implementation stages. It plays a major role in maximizing GHG reductions. Furthermore,
the recent regulations in the pollution prevention journey increased the innovation in
engine technologies. Biswas et al. [30] looked at the carbon emissions associated with
LNG output and distribution in Western Australia. They focused on LNG distribution
to markets in Australia, such as China, in this research. GHG emissions are much lower
during LNG distribution than during other phases, including exploration and separation.
Jaramillo et al. [31] studied the estimate of GHG, sulfur, and nitrogen oxide emissions from
electricity generation and their life cycle, focusing on releases from naturally occurring gas,
LNG, and additional energy options. The researchers compared the LCA of air emissions
from various energy sources to assess the advantages and disadvantages of using fuel to
generate electricity in contrast to domestically produced natural gas.

Carbon footprints during transportation have negative impacts on the quality of the
environment. Customized planning, scheduling, and route maps of LNG deliveries are
some of the innovations with the potential of reducing the carbon footprint, mainly by
lowering the traveling distance or the delay time [32]. Furthermore, long-term contracts
for LNG supply and deliveries are among the most viable ways to significantly impact
the reduction of relative carbon emissions [33]. The other notable move to consider is a
transition to low-sulfur marine, which aims to achieve the objective of the Paris Agree-
ment about minimizing average warming to levels below 2 ◦C. By applying significantly
innovative solutions, stakeholders can meet the global target to make shipping the mini-
mum contributor to environmental pollution. These strategies include the introduction
of energy-efficient systems, customizing ship designs through invention and innovation,
creating conducive ship operational services, as well as the utilization of carbon-neutral
maritime fuels to minimize greenhouse gas emissions [6]. It’s crucial to keep in mind that
Marine Gas Oil (MGO), LNG, and HFO are the maritime energy sources we rely on now
and even in the future. However, ship owners should agree to switch to lower impact fuels
while enhancing sustainability in the maritime industries [9].

Furthermore, Shively and Ferrare [34] indicate that large vessels are not always
suitable since they require a port with deep water of about 40 feet as well as a vast area to
provide the ships with turning space. These provisions are not available in many ports.
Therefore, this reason makes small vessels sometimes preferable since they appear to be
more flexible, and many ports in the world can accommodate these types of vessels [9].
Even the tiny vessels have a significant effect on global climate change, mainly because they
emit GHG. Harrould-Kolieb [35] indicated that 90% of global trade relies on these marine
vessels that fleet through international waters, making them a significant determinant of
global climate change. This condition drew the attention of international agencies that have
since set up rules and regulations for shipping operations to control the effect of shipping
emissions on the environment.

The measures aim at involving shipping in a way that does not cause accidents
affecting shipping safety and security in LNG delivery. The United Nations aims to ensure
high standards in the manufacture of vessels and safe and secure ships’ operations. In
addition, this agency works to reduce or stop the unacceptable impacts on human well-
being and the climate. All local and international LNG vessels must meet the conditions
of standards set by this agency to control the expected environmental and human health
impacts [36].

Researchers have also compared fuel alternatives in other transport mechanisms. For
example, Cooper et al. [37] has studied the LCA of UK truck fuel alternatives, including
electric trucks, dimethyl ether, biodiesel, diesel, and natural gas. The LCA evaluated the
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impacts of the different fuel alternatives on resource depletion, human health, air quality,
land-use change, and climate change. The results indicated that natural gas could reduce
the impacts from the UK freight sector on climate change up to 33% lower per km and
engine production per kWh is down by 12%. Natural gas registered lower emissions for all
metrics than diesel (11–66%) with respect to other impacts. However, particulate matter,
methane, and CO emissions surpass air quality limit standards defined for UK vehicles.
Electric and bio-diesel vehicles indicated better results in global warming. However, they
considered them lowest in terms of metals depletion, human toxicity, air quality, and land
use indicators.

To perform the LCA studies and have a better understanding of human health impacts
that are related to air emission from several sources, ReCiPe 2016 provides a harmonized
implementation of cause-effect routes by calculating the midpoint and endpoint characteri-
zation factors (CFs) [38]. As a result, the ReCiPe CFs can be used for the global scale human
health impact estimation. Other than human health, ReCiPe 2016 offers the possibility
to perform LCA with CFs for water use, acidification, freshwater eutrophication, fine
particulate matter formation, and ozone formation [39].

To this end, this research builds an LCA model for the air emissions and social human
health impact of LNG maritime transport. It establishes a detailed mathematical framework
for quantifying the midpoint air emissions and convert them into endpoint social human
health impact based on uncertain assumptions of LNG shipping vessels and fuel types.
The model takes into account the tonne of LNG shipped as the functional unit.

3. Methodology

This section focuses on the research structure. It starts with data obtained from public
domains and earlier research by Aseel et al. [40]. Then, total fuel consumption from the
exporting terminal to the receiving terminals and the return trips were calculated. This
part of the research is essential as the emission factors are applied to measure the overall
amount of gases released by different vessels during a single roundtrip. Finally, CFs
are used to convert the mid-point environmental emissions into endpoint human health
impacts representing the daily loss of life (DALY). Figure 1 demonstrates the step-by-step
research method.

The first step starts with data collection, including these items: the annual LNG
demand for Qatar’s main customers, carrier’s design details and capacities, traveling
distances and ports details, laden and ballast traveling details and their relevant fuel
consumption during each operation process, and the ballast water loading and unloading
details. This research selected four specific types of ships by considering actual ship transits
from departure port to 11 destinations. The model reflects the nature of the carriers and
their suitable fuel type. Mixing of such ships to a destination was not deemed for the
per roundtrip and per year emissions. The second step contains developing a modeling
tool to measure the carrier’s fuel consumed for multiple situations involving 11 different
destinations worldwide. In the third step, the average CO2-eq, NOx-eq, and PM2.5-eq
pollutants are then calculated utilizing the total fuel consumed and the relevant emission
factors. The fourth step presents CFs from ReCiPe 2016 to convert the environmental
emissions to endpoint human health impact. CO2-eq, NOx-eq, and PM2.5-eq represent the
critical pollutants related to human health impact as per ReCiPe 2016 that are expected to
occur during maritime LNG transportation. The rest of the emissions defined in ReCiPe
2016 can be neglected, as they don’t have a critical contribution towards human health
impact in maritime LNG transport.
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Figure 1. The main four steps of the research methodology.

3.1. Estimation of Air Emissions
3.1.1. Data Gathering and Assumptions

As shown in Figure 2, the proposed tool for air pollution footprint accounting was
used for LNG trade between 11 different destinations of Qatar’s LNG key customers.
Qatar was chosen because of its high LNG production rate and ability to export LNG to
other countries through maritime transport. Furthermore, Qatar Petroleum (QP) declared
the North Field Expansion (NFE) mission in November 2019, which will raise Qatar’s
LNG output capability to slightly more than 100 million tons per annum (MTPA) as the
first expansion phase. The second phase is to increase 126 MTPA, known as the North
Field South (NFS) mission, reflecting around a 63% increase compared with the current
capacity [41]. Asian countries represented by China, Korea, India, and Japan are the highest
beneficiary of Qatar’s LNG export at 17, 14, 12, and 11%, respectively [42].

Several air emissions accounting methods determine the actual fuel consumption
systems available today for LNG carrier operators. In this research, gathering the required
data and specifying the assumptions are the first steps in calculating the emissions value
for each vessel as follows:

1. The maritime path distance between Ras Laffan Port (Qatar) and other destinations is
found from [43].

2. Emission evaluation for different fuel types is also available per vessel type; those are
HFO and LNG.

3. The traditional vessels have two modes of operation. The first mode operates on a
dual-mode system. The dual system is able to operate using HFO and LNG. Besides,
the ship uses the boiled gases from the storage as fuel and other forms of fuel oil.

Cargo Boil-off Gas (BOG) is an unavoidable phenomenon resulting in more vessel’s
internal pressure. The second mode is when the vessel is solely powered by LNG, with
natural and enforced BOG depending on the carrier’s requirements.
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Figure 2. Qatar LNG’s current production and the demand of the main 11 destinations.

Each LNG fleet’s capacity used in the research is displayed in Table 1:

Table 1. Q-Flex, Q-Max, and Conventional carriers’ loading capacity.

Carrier Type Unit Maximum Capacity

Q-Flex
m3

212,660
Q-Max 260,680

Conventional 166,600

3.1.2. Total Fuel Used for Q-Flex and Q-Max Carriers

Since LNG is not currently applicable for this type of vessel as a fuel, Q-Flex, and
Q-Max just utilize HFO fossil fuel forms. Equation (1) below gives the total LNG loading
capacity estimate [44], A:

A = xi

(
m3
)
× B

(
kJ
m3

)
(1)

where xi denotes total LNG loaded and B denotes gross calorific value. For each type of vessel,
this formula is used to determine the A. Unit conversion is required to have consistency and
correct calculation. The computations in this research are established on a set of assumptions.
The first is the count of days while loading the ship (y1) is considered as one day. Second, the
steam process time (y2) is estimated using the following Equation (2):

y2 =
Traveling distance

Carrier speed
(2)

Third, at anchorage duration (y3) is assumed as 1.5 days average. Fourth, the overall
canal period and passing time (y4) is the total waiting, and the passage periods during each
roundtrip are estimated to be around 1.8 days as average. Fifth and finally, the discharge
duration (y5) is assumed two days as average.



Energies 2021, 14, 6208 9 of 19

Several parameters have been assumed and considered to measure the quantity of
fuel consumed for each point of the voyage days, as shown in Equations (3) and (4):

z2 = FCR Steam Process × RL (3)

z4 = FCR At Anchorage stage × RL (4)

RL represents the reliquification level, and FCR is the rate of fuel consumed during
the steaming phase. The sum of days at each point is multiplied by the corresponding
consumed quantity. Equation (5) below determined the total fuel consumed, Q, for the
roundtrip scenario:

Q =
5

∑
i=1, j=1

yi,jzi,j (5)

where I denotes the laden path and j denotes the ballast path. Z1 denotes fuel consumed
during vessel loading, z2 denotes fuel consumed due to the steaming operation, z3 denotes
fuel consumed during the anchorage stage, z4 denotes fuel consumption during the canal
passing, and z5 denotes fuel consumed during the discharging phase.

3.1.3. Total Fuel Used for Conventional-1 and Conventional-2 Carriers

The similar computations from the prior section will be replicated for the vessel styles
Conventional-1 and Conventional-2, with the addition of the gas boiled-off estimates, BO,
that occurs in these kinds of carriers. Conventional-1 could use both HFO and LNG as fuel.
However, Conventional-2 can use LNG as a fuel option only. Equations (6)–(8) are used to
calculate it.

BONatural

(
m3
)
= Actual CC

(
m3
)
× Conventional BOR

(
%

day

)
× [z2 + z3 + z4] (6)

BONatural (t) = BO
(

m3
)
× Conversion Factor (7)

NOBConventional mode 1(t) = Q − BO (8)

CC stands for conventional loading capability, BOR stands for boil-off rate, and NOB
stands for the total net outbound bunker.

Turning towards the conventional carrier that can only use LNG for bunkering; here
both natural boil-off and forced boil-off are considered. Equations (9) and (10) are used to
measure the quantity:

BO Forced(t) = Q − BO (9)

NOBConventional mode 2 (t) = BOTotal = BONatural + BO Forced (10)

Using Equation (11), the total LNG boil-off, BOTotal, will be needed to measure the
emissions. LNG density is multiplied by the summation of both BONatural and BOForced.

BO Total (t) =
[
(BONatural

(
m3
)
+ BO Forced

(
m3
)]

× LNG Density (11)

For every ship type, the air emissions calculation methodology is assessed in the
model following Figure 3. Emission factors for global warming emissions equivalent (CO2,
CH4, and N2O), photochemical ozone formation equivalent (NOx and NMVOC), and fine
particulate matter formation equivalent (NH3, NOx, SO2, and PM2.5) are considered.
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3.1.4. Emission Factors

The amount of fuel and air emissions vary based on the fuel’s nature and content.
According to Cooper and Gustafsson [45], researchers determined emission factors for a
category of pollutants released from various carriers. Table 2 illustrate the carrier type,
engine type, and fuel type used by Cooper and Gustafsson to establish the emissions factors:

Table 2. Carrier type, engine type, and fuel type.

Carrier Type Carrier Type Propulsion Type Fuel Type

Q-Flex Membrane Slow-speed diesel (SSD)
HFOQ-Max Membrane Two-stroke SSD

Conventional-1 Moss Dual Fuel Diesel Electric (FDE)
and Triple FDE HFO/LNG

Conventional-2 Moss Steam turbines LNG

The emissions generated from the shipping division are determined by the amount
and composition of a specific component in the fuel, such as sulfur, nitrogen, etc., during
the combustion procedure through transportation of LNG products. Accordingly, precise
emissions calculations must be made by considering the sum of fuel burned and the latest
emission factors to estimate the midpoint and endpoint impacts. Equation (12) present the
calculation way considered:

AEF = ∑ EF × FF (12)

where AEF is the air emission footprint determined, EF is the emission factor of the air
pollutant, and FF is the fossil fuel consumed trip-wise. The fuel’s compositions and their
emissions factors assumed constants according to the published research by Cooper and
Gustafsson [45].



Energies 2021, 14, 6208 11 of 19

3.1.5. Annual Air Emissions Footprint

The annual air emissions footprint is calculated based on each destination’s annual
LNG demand. First, the yearly LNG product is shipped to be converted into volume units
per Equation (13).

Annual Volume
(

m3 LNG
)
=

Annual Demand (Ton LNG)
1 (Ton LNG)

1.293 (m3LNG)

(13)

Second, the annual volume is divided into each carrier safe loading volume to estimate
the annual number of roundtrips. See Equation (13):

Annual Number o f Roundtrips =
Annual LNG Demand

(
m3)

Carrier Capcity (m3)
(14)

Third and finally, Equation (15) explains the annual air emission footprint estimation
by multiplying the yearly number of roundtrips by the total air emissions per roundtrip.

Annual Air Emissions Footprint = Annual Number o f Roundtrips × AEF (15)

3.2. Mid-Point to End-Point

To measure the effects, midpoint and endpoint LCA approaches look at different
stages in the cause-effect chain. The endpoint analysis examines the environmental effects
down the road as the final impact. On the other hand, a midpoint approach considers
the impact earlier in the cause-and-effect chain before the endpoint is extended. The
effect on human wellness, ecology quality, and resources reduction are typically seen as
endpoint outcomes.

In this study, the calculated air emissions footprints of LNG trade between 11 different
destinations of Qatar’s LNG main customers have been used to estimate the emission
equivalence of CO2, NOx, and PM2.5 global potential in human health. The conversion
of global warming CO2-eq, ozone formation NOx-eq, and particulate matter PM2.5-eq
to endpoint human health equivalence is achieved following Equation (16), where the
midpoint hierarchic is calculated first. The hierarchic scenario uses a 100-year time horizon
to estimate the impacts using the ReCiPe database. Then the Human Health impact is
calculated based on the CFs. The ReCiPe 2016 model is utilized in this study to measure
the human health equivalence. The ReCiPe model can estimate the midpoint and endpoint
values meaning to detect the impact on human health and provide the decision-maker
more detailed knowledge in the intervention to minimize human health effects [38].

Endpoint_HHHierarchic = MidpointHierarchic × CFHierarchic (16)

where is the human health impact, are the CO2-eq, PM2.5-eq, and NOx-eq values of the
emitted substances and is the characterization factor, as defined in Table 3. The conver-
sion of global warming potential (CO2-eq), fine particulate matter formation (PM2.5-eq),
and photochemical ozone formation (NOx-eq) to human health equivalence are achieved
following Equation (13), where the CO2-eq, PM2.5-eq, and NOx-eq are calculated first for
emitted substances. Then the Human Health impact is determined based on constant
factors developed by ReCiPe 2016. These factors are named as characterization factors
and defined in Table 3. The calculation is done based on the annual cumulative emissions
estimated following the Aseel et al. [40] approach while accounting for the yearly demand
and delivery by LNG fleets, distance, type of vessel, vessel engine design and performance,
and finally on the fuel type.
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Table 3. Midpoint to endpoint human health CFs.

Midpoint to the Endpoint Human Health Impact Unit CF (Hierarchic)

Global warming potential DALY/kg CO2-eq. 9.28 × 10−7

Fine particulate matter formation DALY/kg PM2.5-eq. 6.29 × 10−4

Photochemical ozone formation DALY/kg NOx-eq. 9.10 × 10−7

From the above table, it is clear that the Hierarchic CF for the PM2.5-eq is more than the
rest by a factor of 1000 difference which indicates a more serious impact when particulate
matter exists in the atmosphere and can cause much more serious human health problems.

4. Results and Discussion

Following the defined methodology, the entire quantity of CO2-eq, NOx-eq, and PM2.5-
eq for each carrier type is calculated using Excel. The equivalent footprint values vary
from one vessel/fuel to another. The results are discussed on two scales; the midpoint and
endpoint values and the overall human health impact.

4.1. GHG Emissions

The results of the GHG emissions correlated with the type of fuel used and the
supply destination are summarized in Figure 4 for both the annual and per roundtrip
emissions. Kuwait has demonstrated the lowest CO2-eq emissions for both the yearly
and per roundtrip values given the short destination from the origin (Qatar). Whereas
Japan has been shown the highest per roundtrip CO2-eq emissions, China has indicated the
highest annual CO2-eq emissions. Conventional-2 showed the lowest per roundtrip CO2-eq
emissions in terms of fuel type, followed by Q-Max, Q-Flex, and finally Conventional-1.
However, the annual CO2-eq emissions demonstrated different results, with Q-Max having
the lowest CO2-eq yearly emissions followed by Q-Flex, Conventional-2, and Conventional-
1. These results indicated the general trend with some exceptions for the case of Kuwait.
Hence, the results can be proposed to use Q-Max or Q-Flex fuel types for short distances
trips. Whereas, for long distances, it is better to use Q-Max or Conventional-2.

Energies 2021, 14, x FOR PEER REVIEW 13 of 20 
 

 

 

Figure 4. CO2-eq emission results for the roundtrip and annual. 

4.2. Ozone Formation Emissions 

Similarly, the ozone formation emissions results have revealed differences based on 

the type of fuel used and the supply destination, as summarized in Figure 5. Kuwait has 

demonstrated the lowest NOx-eq emissions for both the annual and per roundtrip values 

given the short destination from the origin (Qatar). On the other hand, Japan has demon-

strated the highest per roundtrip NOx-eq emissions, and China has indicated the highest 

annual NOx-eq emissions. Conventional-2 indicated the lowest per roundtrip NOx-eq 

emissions in terms of fuel type, followed by Conventional-1, Q-Max, and finally Q-Flex. 

However, the annual NOx-eq emissions which are influenced by the number of trips 

yearly, demonstrated different results, with Conventional-2 having the lowest NOx-eq 

yearly emissions followed by Conventional-1, Q-Max, and Q-Flex. These results indicated 

the general trend with some exceptions for the case of Kuwait as it has the shortest trav-

eling distance. Hence, it can be advised to use Conventional-1 fuel types for short-distance 

trips from the findings. Whereas, for long distances, it is better to use Conventional-2. 

2.0

4.0

8.0

16.0

32.0

64.0

128.0

256.0

512.0

1024.0

2048.0

G
H

G
 e

m
is

si
o

n
s 

(k
to

n
 o

f 
C

O
2-

eq
)

Destination

Q-Flex Annual Q-Max Annual Conventional-1 Annual Conventional-2 Annual

Q-Flex per Trip Q-Max per Trip Conventional-1 per Trip Conventional-2 per Trip

Figure 4. CO2-eq emission results for the roundtrip and annual.



Energies 2021, 14, 6208 13 of 19

Moreover, the annual results are strongly influenced by the number of trips per year.
As a future alternative, using larger fleet capacities for Conventional-1 and Conventional-
2 fuel types have the potential to reduce the required number of roundtrips and the
associated CO2 emissions when comparing with the existing Q-Flex and Q-Max carriers.
For the old carriers, further technical solutions with cost-benefit analysis could be taken
to enhance the existing fleet to meet the environmental limits by IMO and promote the
overall emission reduction.

4.2. Ozone Formation Emissions

Similarly, the ozone formation emissions results have revealed differences based on
the type of fuel used and the supply destination, as summarized in Figure 5. Kuwait
has demonstrated the lowest NOx-eq emissions for both the annual and per roundtrip
values given the short destination from the origin (Qatar). On the other hand, Japan has
demonstrated the highest per roundtrip NOx-eq emissions, and China has indicated the
highest annual NOx-eq emissions. Conventional-2 indicated the lowest per roundtrip
NOx-eq emissions in terms of fuel type, followed by Conventional-1, Q-Max, and finally
Q-Flex. However, the annual NOx-eq emissions which are influenced by the number of
trips yearly, demonstrated different results, with Conventional-2 having the lowest NOx-eq
yearly emissions followed by Conventional-1, Q-Max, and Q-Flex. These results indicated
the general trend with some exceptions for the case of Kuwait as it has the shortest traveling
distance. Hence, it can be advised to use Conventional-1 fuel types for short-distance trips
from the findings. Whereas, for long distances, it is better to use Conventional-2.
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4.3. Particulate Matter Emissions

The third type of emissions results, particulate matter, as illustrated in Figure 6, have
revealed more distinguishable observations as per the type of fuels used and the supply
destination. Kuwait has demonstrated the lowest PM2.5-eq emissions for both the annual
and per roundtrip values given the short destination from the origin (Qatar). On the other
hand, Japan has demonstrated the highest per roundtrip PM2.5-eq emissions, and China
has indicated the highest annual PM2.5-eq emissions. Conventional-2 indicated the lowest
per roundtrip PM2.5-eq emissions in terms of fuel type, followed by Conventional-1, Q-
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Max, and finally Q-Flex. However, the annual PM2.5-eq emissions demonstrated different
results, with Conventional-2 having the lowest PM2.5-eq yearly emissions followed by
Conventional-1, Q-Max, and Q-Flex. These results indicated the general trend for all the
destinations, and the distance plays a significant factor in the variation of emissions. Hence,
from the results, it can be suggested to use Conventional-2 fuel types for short and long
distances associated with lower PM2.5-eq emissions.
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4.4. Overall Social Human Health Impact

The midpoint and endpoint emissions results have been converted to the human
health impact potential associated with the type of fuels used and the supply destination,
as illustrated in Figure 7. Figure 7 represents the annual social human health impact per
the unit of LNG shipped by each type of carrier. The figure provides the calculated factor
that can be used to measure the daily effects on human health related to LNG shipping
through the sea. The factors consider the distance and number of trips annually and the
annual demand per location. Moreover, these factors can help the researchers to estimate
the annual social human health impact from the air emissions that are related to LNG
shipping to these 11 destinations and provide guidance on the carrier type that can be
utilized for shipping to each destination and transportation planning to satisfy customer
needs and reduce the possible air emissions and perhaps the social human health impact.

The results indicate Kuwait as the lowest destination associated with human health
impact for annual calculation mode given the short destination from the origin (Qatar).
Japan has demonstrated the highest yearly human health impact. In terms of fuel type,
Conventional-2 indicated the lowest human health impact for the annual mode of calcula-
tions, followed by Conventional-1, Q-Max, and finally Q-Flex. The analysis method for the
yearly mode demonstrated discrepancies in the relative human health impact due to the
variation of the annual LNG demand by each destination and not only per the trip needs.
The results show the importance of using a relatively cleaner fuel type like Conventional-2
in reducing the health impact of LNG maritime transportation.
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This research faced several limitations that are directly proportional to the final es-
timated results for the air emissions quantification and human health daily losses of life.
Emission factors published by Cooper and Gustafsson [45] in 2004 may require a reassess-
ment to verify the applicability for the current time and technology development. Moreover,
there is a slight uncertainty associated with the assumed numbers of LNG loading and
unloading time, carrier’s steam process time, canal waiting time, and other related parame-
ters affecting the final air emission and human health impact estimation. This uncertainty
is non-avoided due to the facts of dynamic changes in the shipping process, such as the
delivery and traveling process, canal passing, and waiting time.

It is understandable that there is a significant need for LNG in most countries to
maintain the development, energy needs, and human needs worldwide. However, this
need is expected to continue due to the absolute requirement of clean energy sources.
Therefore, it is more feasible to explore the engineering controls such as electrical carriers,
engine overhauling, and LNG pipeline transport for closer countries with a long-term
agreement. Moreover, the administrative controls such as improving the shipping route
planning, synergies in LNG pipeline networks, etc., to reduce the overall emissions and
human health impact are essential to be discussed, planned, and executed by management.
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As the model used in this research was established based on actual ship transits from
departure port to 11 destinations, it is recommended for future researchers to use these
research results for further comparison and validation. It would be worth validating this
research with other locations in the region and worldwide, investigating the impact of
atmospheric pollution and human health while using a mix of carrier types, and studying
the most impactful ports and cities due to the LNG loading and unloading activities.

4.5. Social Human Health Implications

The results mentioned above demonstrate the necessity to maximize the use of
conventional-2 fuel types by the LNG industry in order to provide more outstanding
human health management. Air emissions monitoring should be carried out with high
precision measurement instruments to ensure that the best solutions are implemented to
minimize the human health impacts to a possible extent and certified by an authorized
certification body. In order to ensure enforcement and continuity with the reporting of
air emissions, governments and lawmakers shall implement and oversee the mechanism
of verification.

It is important to address to the decision-makers that emissions control is a journey
and maintaining only the emission within limits is not the final solution. IMO have the
ability to demand that the retrofitting of Q-Flex and Q-Max engines to a dual option is a
possible option to continue using the existing fleet but in accordance with environmental
protection standards. The retrofitting of engines has many constraints based on the carrier’s
time, model, technical limitations, etc. Therefore, IMO can take up further investigation
and implications. Moreover, as the conventional type found a perfect option to reduce
the emissions and accordingly the human health impact, bigger size conventional carriers
deserved a management focus to minimize the emissions as much as possible. Besides, the
following outlines some relevant policies to reduce LNG carriers’ human health impacts:

• The LNG carriers’ roadmap optimization in light of policy barriers: the governments
must align with IMO criteria and optimize the LNG carriers’ roadmaps. The alignment
with the regulations is expected to increase shipload, mitigate fuel use, reduce cargo
losses and reduce the environmental and human health impacts as the distance is
optimized between the exporting and importing facilities.

• Investigate the model and usefulness of slow steaming of LNG ships, which can
provide multiple advantages, including increased fuel savings, 20 to 40% air emissions
reduction [46], increased reliability, and performance. However, further research is
required on the engines’ technologies and effectiveness.

The United Nations Guiding Principles on Business and Human Rights (UNGP) is
established to oversee and ensure people’s protection. UNGP looks into the impact on
human well-being and insists on implementing control measures to protect human health
and rights. Due to the global energy demand, International Energy Agency (IEA) and
governments should support the approach towards human rights more due to the current
and predicted increase in the industrial revolution and its associated impacts on human
health. Furthermore, human rights such as the right to a pollution-free environment should
be taken into account in policymaking and national strategies. As illustrated earlier in this
paper, the PM2.5-eq impact is over 1000 times greater than the CO2-eq and NOx-eq impact
on humans and perhaps prioritizes human life over other factors such as simple slight
warming. There is a long history of ignoring humans who live in port neighborhoods and
the effects on their lives through disease and pollution of the air are studied widely, and
more research is performed in the US and China as per the SCOPUS database.

Towards such monitoring and controls, energy policies shall also be developed to
enhance global human health and abate the significant contributors to health degradation
in a sustainable manner.
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5. Conclusions

Natural gas transportation from various parts of the world (carbon supplied to con-
suming areas) has become more critical. Natural gas liquefaction offers a cleaner and more
efficient transportation option and also increases its storage capacity. Many atmospheric
carbon oxides, nitrogen oxides, and particulate matter emitting sources, such as inefficient
energy and polluting transportation, directly impact health. This observation forms an
additional motivation to mitigate climate change. This research focused on establishing an
air emission and social human health impact LCA model of LNG maritime transport. It
explores creating a comprehensive social human health impact statistical structure accom-
panied by assessing the number of air emissions. In order to build a model for air emissions
and social human health impact assessments based on hypotheses on diverse unknown
criteria, a calculation model was used. Conventional-2 fuel type indicated the lowest
human health impact for the annual calculation mode, followed by Conventional-1, Q-Max,
and finally Q-Flex. From the results, it can be concluded the importance of using a rela-
tively cleaner fuel type like Conventional-2 in reducing the health impact of LNG maritime
transportation. This conclusion would potentially aid decision-makers in planning future
investments in maritime transport with fewer environmental and health impacts. For exam-
ple, using a more extensive fleet’s capacities as a future alternative for Conventional-1 and
Conventional-2 fuel types have the potential to reduce the required numbers of roundtrips
and the associated CO2 emissions, specifically with engine enhancement similar to Q-Max
and Q-Flex.

According to the research findings and results, the three hypotheses are valid for the
quantity of fuel consumed in the travel, fuel type, and carrier type directly proportional to
the human health impact. In this case, policy and decision-makers can establish policies and
procedures to control the harmful environmental emissions that are significantly causing
the human health impact.

The limitations addressed in this research are mainly related to the uncertainty of
emission factors used from the literature published in 2004 and the assumption of LNG
maritime transport time for each shipping stage. Therefore, it is recommended to study
furtherly both areas to reduce the associated uncertainty and have more accurate results.

As future work, this study can be expanded with the support of the sustainability
assessment process to include further aspects, such as the economic and social effects
of LNG shipping and more fuel and carrier types. More attempts can also be made to
review and evaluate economic and socio-environmental influences that contribute to more
sustainable practices of decision-making related to LNG transportation. Policymakers
have to develop and implement international socio-environmental strategies towards
the minimum human health impact for the energy sectors. In addition, the life cycle
sustainability assessment (LCSA) can be extended to the whole associated supply chains of
LNG, starting from the exploration and liquefaction of natural and up to the transportation
and regasification of LNG and taking into account uncertainty analysis. Furthermore,
complete social LCA is proposed to study further the social sector’s responsible care
impacted by LNG maritime transport, social acceptance, and compensation plan to develop
the community’s supporting facilities and projects.
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