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Abstract: Global interest in LNG products and supply chains is growing, and demand continues to
rise. As a clean energy source, LNG can nevertheless emit air pollutants, albeit at a lower level than
transitional energy sources. An LNG plant capable of producing up to 126 MMTA was successfully
developed and simulated in this study. A hybrid life cycle assessment model was developed to
examine the social and human health impacts of the LNG supply chain’s environmental air emission
formation. The Multiregional Input–Output (MRIO) database, the Aspen HYSYS model, and the
LNG Maritime Transportation Emission Quantification Tool are the key sources of information for
this extensive novel study. We began our research by grouping environmental emissions sources
according to the participation of each stage in the supply chain. The MDEA Sweetening plant, LNG
loading (export terminal), and LNG transportation stages were discovered to have the maximum air
emissions. The midpoint air emissions data estimated each stage’s CO2-eq, NOx-eq, and PM2.5-eq
emissions per unit LNG generated. According to the midpoint analysis results, the LNG loading
terminal has the most considerable normalized CO2-eq and NOx-eq emission contribution across all
LNG supply chain stages. Furthermore, the most incredible intensity value for normalized PM2.5-eq
was recorded in the SRU and TGTU units. Following the midpoint results, the social human health
impact findings were calculated using ReCiPe 2016 characterization factors to quantify the daily loss
of life associated with the LNG process chain. SRU and TGTU units have the most significant social
human health impact, followed by LNG loading (export terminal) with about 7409.0 and 1203.9
(DALY/million Ton LNG produced annually), respectively. Natural gas extraction and NGL recovery
and fractionation units are the lowest for social human health consequences.

Keywords: liquified natural gas; supply chain; air emissions; human health; hybrid life cycle
assessment; environmental policy

1. Introduction
1.1. LNG Industry and Supply Chain

Natural Gas (NG) has changed significantly all across the world. Due to the changes
of industries, they have been forced to pour their heavy investments into supply chains to
efficiently reach the Liquefied Natural Gas (LNG) worldwide supply. The LNG trading is
undertaking off an intensifying transition from regional, the bilateral flow of trade to local
and increasing to the global economy. The NG demand has heightened in a lot of nations
that rely on coal as their source of power generation and so that they can reduce the causes
of environmental problems. The NG clients established that LNG is a sustainable and
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promising preference to restore coal and fulfill the necessary energy demands, including the
generation of electricity [1]. Between 2018 and 2023, there is the capability to produce over
one hundred billion cubic meters of LNG production, with the majority of these additions
coming from the United States and Australia [2]. The International Gas Union (IGU) [3]
announced the world’s top LNG exporters in its 2020 report, with Russia producing 8% of
LNG exports, the USA 10%, Australia 21%, and the leading state, Qatar 22%, exporting 22%.

The entire supply of NG is dependent on the distribution of pipeline networks between
the fields of demand and supply. LNG manufacturers are currently specializing in an
enhanced process of liquefaction and regasification to achieve an environmentally friendly
work climate [4,5]. The transformation of NG through the various processes of the LNG
industry chain necessitates the use of a considerable quantity of fuel, which is mainly
obtained from the NG feed. A substantial amount of carbon dioxide (CO2) and extra gases
such as SO2 and NOx result from the combustion of this fuel. As long as LNG production
continues, the expectation of the atmospheric ventilation of industrial air pollutants will
be there. Accurate accounting and monitoring of the midpoint air pollution footprint are
essential to determine the viability of the LNG management and supply chains and to
quantify the human health effects at the endpoint.

1.2. Socio-Environmental Impacts of LNG Chain

It cannot be denied that the industrial activity-to-trade revolution is helping countries
to grow and fulfill various social status requirements, such as providing jobs, eradication
of poverty, and improving labor standards, gender equality, and access to healthcare and
education. On the other hand, industrial practices may have devastating effects on the
environment, causing many significant international issues, such as global warming, the
destruction of natural resources, the pollution of water and air, and the degradation of
organisms. Because of the supply market and enormous demands, the supply chain and the
LNG industry are included in this industrial revolution. To ensure the long-term viability
of the trading using the LNG process as a significant energy source, the main pillars of
sustainability must be carefully measured and evaluated to optimize the positive effects of
industrial growth while limiting or removing its adverse effects worldwide. Therefore, the
use of sustainable resources and the protection of environmental resources should be of a
high level; social cohesion and economic growth also mutually reinforce sustainability.

One of the most profound consequences of LNG industrial growth is the rise in air
pollution. Air pollution typically harms humans, plants, and the ecosystem in different
ways. For humans, exposure to particular matter increases the risk of developing lung
cancer and cardiovascular diseases. Ecosystems are affected by air pollution through
ground-level ozone, eutrophication, and acidification. At the same time, greenhouse
gases are the primary reason for climate change and its associated ecosystem, health,
and economic impacts [6]. According to the World Health Organization (WHO), particle
emissions, carbon monoxide, ground-level ozone, nitrogen oxides, sulfur oxides, and lead
are the six recorded major air pollutants. Our key focus in this context is to concentrate on
the PM2.5-eq, NOx-eq, and CO2-eq, pollutants, as they are related to more common and
severe human health problems and have environmental impact issues [7,8].

According to Shah et al. [9], over two million persons die yearly as an immediate
consequence of air pollution, which causes harm to the respiratory system and the lungs
due to the pollutants found in both indoor and outdoor environments.

Global air pollution-related healthcare has associated costs for general care, treatment,
and hospitality; this is according to a research study on the economic effects of outdoor
air pollution published by the Organization for Economic Cooperation and Development,
OECD [10]. These costs are currently estimated to increase from USD 21 billion in the year
2015 to USD 176 billion in the year 2060, and the amounts are anticipated to even rise above
that to USD 176 billion. By the year 2060, the yearly loss of working days, which influences
work productivity, is likely to surpass 3.7 billion; in comparison, the current situation sees
an annual working loss of only around 1.2 billion days; this will happen at the global level.
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Limiting the impact of air pollution is a critical decision for environmental policymakers
and decision-makers, as it would enable to lower the chances of severe health effects, enrich
the surrounding air quality, and produce substantial cobenefits for the atmosphere and
environment if appropriately implemented.

1.3. Novelty and Research Objectives

The main objective of this research is to assess and determine the midpoint air emis-
sions associated with the method of LNG trading, including extraction, treatment, liquefac-
tion, shipping, and regasification at the receiving terminals. Using multiple quantification
tools such as the MRIO database, Aspen HYSYS, and LNG Maritime Transportation Emis-
sion Quantification tools, the approximate air pollution footprint will be used to obtain the
endpoint effect on human health based on ReCiPe 2016 characterization factors [11]. This
hybrid model will construct the primary human health influence and air emission for the
industries of LNG.

In this context, we established a functional and novel model for the mechanism trading
processes of LNG to estimate air pollution and human health impacts. Air emissions such
as carbon dioxide equivalent, nitrogen oxide equivalent, and particulate matter equivalent
were accounted for in the proposed model. The questions about the effect of air pollution
from each phase of LNG processing and transportation on the atmosphere and human
health in the long run and the reliability and uncertainties of the air emission reporting
and accounting tools ignited the interest in this research. It is valid to discuss this area of
concern because of the continuous activity of supply and demand for LNG trading and the
global appeal of the use of renewable energy sources for maritime transport in the light of
the present effect of greenhouse gases (GHG) on global warming and other pollution on
the impact of human health all around the world. An outline of the key objectives of this
research is as follows:

1. Presenting a framework for measuring the footprint of air pollution and human health
from LNG manufacturing and maritime transportation.

2. Formulating and building a hybrid life cycle assessment (LCA) model combining
both process-LCA and MRIO models.

3. Establishing a high accurate simulation model for the optimized LNG process using
the Aspen HYSYS tool.

4. Proposing an accurate and effective human health impact accounting tool that various
gas and oil process-related disciplines can use.

5. Implementing further analysis helps to identify critical parameters that influence the
LNG process and shipping air pollution footprints.

1.4. Organization of the Research

A brief overview of the organization of this research is as follows. Section 2 of this
research represents the literature review associated with the LNG process, LNG process
chain, and LCA. The methodology followed in the research and the approaches taken
into consideration are illustrated in Section 3. It transmits information from various air
emissions studies as well as the equations utilized for the various LNG process and supply
chain stages. It also contains details on how to use emission and characterization factors in
the computation process. Section 4 reviews the research outcomes, calculated data, and
observations in addition to the human health impact analysis. Section 5 summarizes the
research conclusion and provides recommendations to the decision-makers. Moreover, it
includes the constraints and related forthcoming suggested works.
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2. Literature Review
2.1. Environmental LCA for Energy Production Sectors

The methods for quantifying the impacts of the LCA framework have become increas-
ingly available and accessible over the last two decades [12]. Through this, the influence
on many viewpoints is measured and quantified. Nonetheless, environmental impacts, on
the other hand, are focused on—but are not restricted to—pollution, ecological footprint,
energies, discharges, and so on [13,14]. Quantitative and qualitative evaluation direct
decision-makers regarding any current or planned projects about critical environmental
effects, mitigation strategies, and the way forward with regards to environmental protec-
tion [15]. A lot of researchers have investigated sustainability in LNG and the energy sector.
For instance, Aberilla et al. [16] researched a synthetic integrated sustainability assessment
to provide water and energy applications in isolated and remote constituencies.

On the other hand, Barnett [15] researched the environmental effects of liquefaction,
regasification, and the shipping processes of LNG. Other researchers working in this field
include Tamura et al. [17], who concentrated on carbon footprint emission among further
atmospheric contaminants during the LNG production. The researchers studied these
emissions during the period of an LNG delivery.

The process of LCA was used by Korre et al. [18], whose work pertained to using NG
distribution in a similar manner as that which might be used to generate an alternative
power source. Biswas et al. [19], in Western Australia, evaluated the carbon emissions
generated in the supply and production of LNG. According to this review, the authors
dealt with LNG release to Australian markets such as China. The carbon footprint of
the emissions generated in the process of delivering the LNG is considerably lower than
the amounts generated during all the other stages, such as separation and exploration.
Jaramillo et al. [20] worked on the estimation of electricity production. Additionally, the
research considered emissions of sulfur, nitrogen oxides, and greenhouse gases and the
gas’ life cycle, particularly those coming from energy sources. The researchers created an
air pollutants’ life cycle comparison from various energy sources that can help in reducing
the weaknesses and benefits of absorbing fuel in the context of the global production of the
use of NG to generate electrical power.

The research conducted by Raj et al. [21] is concentrated on the LCA of GHG and
emissions expenditures related to the LNG trade between China and Canadian countries.
Nevertheless, the prototype is not established on such strict traits as the chain’s subsystems.
The research on the GHG life cycle and techno-economic were performed by Sapkota
et al., who examined the supply chain of NG emissions from the Canadian production
areas to the European countries’ receivers. Nevertheless, their estimation depended on
ranges and estimates instead of the rigorous quantification of emissions generated by
equipment and simulation quantification [22]. Regardless, their exploration never included
the pretreatment of NG and other crucial processing elements. The optimization model
is sufficient for robust and tolerable evaluation is very accessible in an open literature
publication. The prototypes can be categorized into stochastic and deterministic manners.
However, a lot of the tasks that aim to consider the supply chain of LNG emphasize
shipping operations: cute algorithms, and the MIP branch, the optimization of mixed-
integer linear programming (MILP), the method of optimization horizon heuristic MIP-
rolling and mixed-integer programming (MIP) are the methods used here to accomplish
specific goals such as voyage cost minimization or lost production, or LNG revenue
maximization. Monte Carlo simulation, the optimization of MIP single objective, and
stochastic MILP are the other studies of the LNG supply chain. However, they are only
focused on the delivery and shipping procedures within a chain [23,24].

The cost projections of the air pollution in the outdoor environment are presented by
the OECD [10]. This research focuses on the consequences to human health, incorporating
both morbidity and mortality and also the agricultural sector. The economic repercussions
and the welfare cost from suffering and the pain to premature deaths are assessed quantita-
tively. The other consequences, such as the health impacts, e.g., the immediate results of
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exposure to nitrogen dioxide (NO2) and biodiversity, cannot possibly be calculated simply
because the available information is insufficient. On the other hand, indoor air pollution is
also a reason for some premature deaths, and it should be clear that this article concentrates
on air pollution taking place outdoors only.

2.2. Social LCA of Human Health Impact for Energy Sectors

The most severe factor increasing the risk of negative socio-environmental develop-
ment is air pollution [25]. According to the most current Global Burden of Disease (GBD)
study, the combination of outdoor and indoor air pollution was the reason for 5.5 million
premature deaths globally the year 2013. Further consequences of air pollution on healthy
human beings have notably led to cardiovascular and respiratory problems increasing in
number [10]. Additionally, there is sufficient evidence to suggest that air contamination
has a significant negative effect on people’s thoughts and moods, thereby lowering the
level of happiness and elevating the danger to a person with depression. The classification
of air pollutants can be either primary or secondary. The particulate matter (PM2.5 or
PM10) is contained in primary pollutants: nitrogen oxides, the voltaic organic compound,
carbon monoxides, arsenic, sulfur oxides, and specks of metals such as mercury, copper,
and cadmium [26]. When considering secondary toxins, on the other end, these emerge in
the atmosphere as an effect of chemical reactions, which differ between particular materials
that incorporate ozone nitrogen oxides [27]. According to WHO reports, there is an overall
death rate of 43% from air pollution pertaining to chronic obstructive infections of the
human lungs: lung cancer, in comparison, had a rate of 29%, dental issues had a rate of
25%, stroke had a rate of 24%, and pulmonary disease had a rate of 17%. The impact of
lowering the air quality in an environment is crucial, both in the developing states and in
industrialized countries that have stable and reliable growth [27].

Other research included conducting an initial analysis of scenarios predictive of air
pollution reduction and the related expenses in one of the Brazilian largest metropolises,
Fortaleza city [28]. From 2015 to 2017, the analyzed pollutants were particulate matter
ranging from PM2.5 and PM10 (µm). Contemplating the predictive methods, a short period
of reduction in PM10 by an amount of 5 µg m−3 could avoid 130 people being hospitalized
because of cardiorespiratory problems annually, and lowering it by 20 µg m−3 could lead
to 410 people avoiding hospitalizations. In terms of finance, this is equal to MUSD 0.063
for a 5 µg m−3 reduction and MUSD 0.19 for a 20 µg m−3 reduction. The hospitalization of
over 200 people has been avoided over an extended period due to a decrease of 5 µg m−3

in PM2.5. Additionally, over 580 hospitalizations would not have happened had there been
a reduction of 10 µg m−3, which corresponds to MUSD 780.6 for 200 hospitalizations and
MUSD 2239.9 for 580 hospitalizations.

For the last twenty years, China has had rapid economic growth, resulting in a
proportional increase in atmospheric contamination, which affects both public health and
the environment. As of 2013, NO, SO2, and CO2 levels in China have reached a degree that
could result in a change of climate and have unfavorable effects on the residents’ health.
This paper employed a new criterion to analyze China’s thirty-one main towns’ economic,
health, and environmental efficiencies [29]. The outcome was as follows:

• While all of the towns or cities were required to increase their gross domestic product
(GDP), the efficiency of the environment was rising further in a lot of the cities.

• The health efficiency directory implied that the illness efficiency had heightened in
a lot of the cities but decreased in one-third of them. This finding means that it is
essential to strengthen the efficiency of medication.

• The efficiency of the treatment of respiratory disease in the majority of towns increased,
and the chance for development reduced substantially.

• The mortality rate improved in 15 towns; however, the medication effectiveness of the
mortality rate decreased in 11 towns.
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In terms of the scenario in the Netherland, a study portrayed heavy industrial emis-
sions as dangerous air pollutants, and additional analysis on the effect on respiratory and
lung function symptoms among schoolchildren has been conducted [30]. It was estab-
lished that exposure to NOx and PM2.5 from industries is not linked with decreasing lung
function Susceptibility to PM2.5 was related to the presence of a dry cough, according to
parents’ reports about their youngsters’ health.

In conclusion, the basic fact is that exposure to particulate matter has negative health
impacts [31]; according to the deep analysis given, policymakers should begin to deal with
these implications so that more strict policies can be executed to decrease the health effects
caused by air pollution. The researchers emphasized that creating beneficial air quality
management is an essential measure to reduce danger to health to a minimal level.

2.3. LNG Process Chain

In this research, a flow block diagram of the LNG process chain is considered in
Figure 1. The processing train of LNG is portioned into two different subsections: cold
and hot [32]. The divisions are classified into NG obtained from wells, NG preseparation,
sweetening, sulfur recovery unit (SRU) in the acid gas removal unit (AGRU), and dehydra-
tion units for the hot section and Natural Gas Liquids (NGL) fractionation and recovery,
Helium Extraction (HeX), liquefaction, and Nitrogen Removal (NR) units, and the cold
section loading terminals. Associated utilities and electrical power are required for both
sections. After the process of liquefaction, the shipment of LNG to the importing terminal
for it to be regasified takes place. The electrical power developed by employing the LNG
gasified portion is the main terminal utility import.
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Figure 1. LNG process chain.

The LNG technique includes a given number of units, and a brief explanation of the
units is as follows: First, impurities and hydrocarbon are the elements present in NG. The
liquids from NG divided at this phase must be transferred for recovery to a processing
plant. The preseparation unit is where sour NG is passed through to remove water and
condensate. Then, the divided sour NG goes into the sweetening unit, where undesired
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components such as H2S and CO2, known as acidic gases, benzene, toluene, xylene (BTX),
and mercaptans, are removed. The steams of acid gas byproducts departing from the
sweetening unit are routed into the SRUs to generate sulfur allotropes from H2S.

Similarly, the appearance of SOx is a result of the combustion of acid gas. Before
the NG leaves the sweetening unit, it should be treated to remove dehydrated water,
hence minimizing downstream corrosion and preventing the formation of hydrates. The
function and recovery units of NGL are crucial because they help to recover leftover NG
steam condensate, providing propane and ethane—the refrigerant make-up for the system
liquefaction—when required, and generating standard LNG specifications. There are three
conventional distillation sections of the primary fractionation unit to fraction the NGL into
propane, butane-rich streams, ethane, and unwanted condensate. The propane precooled
mixed refrigerant (C3MR) process of liquefaction and cooling is utilized with the considered
chain. It entails compressing vapor in two cycles that subcool, condense, compress, and
throttles the refrigerants, providing the necessary cooling primarily via the evaporation
process. Once liquefaction is performed, the HP LNG passes via an integrated NR and
HeX departments to regain the helium and meet the specifications of LNG, such as higher
heating value (HHV) and nitrogen content. Later on, LNG is immediately loaded into
their maritime transport carriers by using LNG loading arms or compiled in holding tanks.
The carriers of LNG are generally categorized based on their boil-off gas (BOG) presence,
propulsion systems and containment types, and capacity of reliquefication unit [33,34]. The
currently importing facilities and regasification plants consist basically of the supporting
utilities, LNG storing tanks, and the regasification unit. The terminals work either on LNG
tanks’ holding mode or loading mode.

Up to this juncture, according to the studies on the energy sustainability valuation, it
is clear that there have been few studies on adequate energy, and a lot of researchers have
fastened on formulating models of sustainability assessment with scarce precedence on the
environmental impacts of the introduced investigation. Additionally, the literature does
not have an uncertain life cycle sustainability assessment of oriented pool chains and its
foreign pool chains of LNG. Besides, the integration of the life cycle environmental, social,
and economical ranged are still required for the LNG industry.

3. Research Method

The suggested method primarily utilizes the process-based LCA methodologies from
the LNG maritime transportation emission quantification tool, MRIO analysis, and Aspen
HYSYS (see Figure 2). The spectrum of this research will comprise LNG processing and its
natural gas extraction, LNG receiving terminal regasification, and distribution.

Foremost, the MRIO modeling tool is useful in the life cycle designing simply because
they entail Input-Output multinational data at the global and regional levels, indicating
cash flow between economic sectors within a state through worldwide trade [35]. In this re-
spect, the database EXIOBASE 3.41 is employed in the study, which is contemplated as the
most comprehensive global database of MRIO used for the analysis of sustainability [36].
Secondly, the process-based life cycle inventory (LCI) of LNG process chains is developed
entangled on the data provided within the literature and, more importantly, for the proce-
dure specification and parameter. The simulation and development of the LNG plant are
built based on the information sourced, and the required data is also available to the associ-
ated resources and utilities. This information is primarily the impacts on the environment,
which are viewed as the center of human health effects as well as the consumed electricity.
Thirdly, the LNG air emissions information related to maritime transport is approximated
by utilizing the model formulated by Aseel et al. [37] for computing the human health effect
and air emissions under uncertainty. The Fourth point is the process-based LCA model
incorporated with LNG maritime transport criteria and a high-resolution MRIO chart to
create a hybrid LCA model for air pollutants and human health impact. The ReCiPe 2016 is
used in endpoint effect quantification by using the description factors. Finally, the hybrid
life cycle examination criterion is processed under further macro analysis. This research is
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essential for dealing with data quality issues, treating the skepticisms within the MRIO
model, and output and input data index of the human health and air emission LCA model.
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Figure 2. Research method.

3.1. Scope and LCI Data

This research aims to create a hybrid LCA model to determine the LNG process chains’
on-site, downstream, and upstream life cycle effects holistically. Here, Qatar will be the
case of study. To understand this objective, first, the system functional and boundary unit
of the estimation was identified as the LNG process chain domain demonstrated before.
It entails loading and transportation, gas processing and extraction, LNG storage and
liquefaction, LNG storage in acquiring terminals, gas utilities, and regasification. Secondly,
the sustainability indicators to be acknowledged, indicating the socio-environmental, are
described briefly in Table 1—life cycle indicators of LNG LCA research.

Table 1. Life cycle indicators of LNG LCA research.

Impact Area Impact/Indicator Unit Description

Environmental

Global Warming Potential (GWP) kg CO2-eq. Total GHG emissions based on IPCC’s factors for
GWP100 according to Assessment Report 5 (AR5)

Particulate Matter Formation
Potential (PMFP) kg PM2.5-eq. Total criteria air pollutant emissions

Photochemical Oxidant Formation
Potential (POFP) kg NOx-eq. Amount of airborne substances able to form

atmospheric oxidants

Thirdly, the environmental inventory life cycle data associated with each unit’s pro-
cesses for each life cycle phase will be collected. The information will be obtained from
several sources such as LNG maritime transport tool, Aspen HYSYS, and MRIO database.
The ReCiPe 2016 tool will then be used to measure the end-time implications on human
health. Lastly, One Million Tons of LNG Production will be the definition of the func-
tional unit.
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3.2. MRIO Analysis

The Input-Output criterion is considered an essential component of the industrial
ecology toolbox applying the LCA studies [38]. Jeswani et al. [39] emphasize the importance
of Input-Output analysis incorporating with LCA to develop a hybrid model with the
ability to depict the influences of LCA inter-and intra-sectoral events. When operating
with sophisticated systems such as LNG supply chains, IO-established LCA models can
be precious to assist the process-based criterion. The unique contribution is according
to the comprehensive economic analysis given by the database enclosing the duties of
trade-based economic exchanges between different sectors [40].

In this context, Input-Output primarily based LCA models offer a top-down analysis
victimization financial dealing matrix between sectors of the economy, considering ad-
vanced interactions between the sectors of one country. Though single-region IO models are
widely utilized in earlier research papers [41,42], MRIO models are thought-about because
they advanced within the analysis of the triple bottom line (TBL) impacts of consumption
and production at a worldwide scale [43,44]. Of late, there are various world multiregional
databases developed for the environmental footprint analysis of production, such as the
World Input-Output data (WIOD), spatial association information and Input-Output tools
for Policy Analysis (EXIOPOL), world Resource Accounting Model (GRAM), world Trade
Analysis Project (GTAP) and Eora [45]. Many studies used these MRIO databases and
centered on the environmental footprint of consumption [46], producing [47,48], trade [49],
and nations [50]. EXIOBASE 3.41 is a more preferred choice than the traditional EIO-LCA
model. That is because of the enhancements provided over the 2015 model compared with
the 2007 model by Carnegie Mellon University’s EIO-LCA. Additional explanation, in this
concern, is the CMU’s EIO-LCA that entails insufficient data towards environmental effects
such as consumption of energy and GHG. The conventional air contaminant emissions
are utilized to approximate the life cycle environmental consequence of consumption or
production actions [51]. The EXIOBASE 3.41 is a global high-resolution MRIO database
that covers 90% of the world’s economy. It gives the most updated data, including material
satellite and socio-economic accounts, in summation of all that EIO-LCA provides for
the year 2015 database [36]. Therefore, the EIO-LCA model is not suited for the LCA.
The development of a sustainability assessment of a multiregional life cycle framework
employing the most comprehensive EXIOBASE 3.41 database is considered innovative and
unique for the LNG sector.

Within the universal MRIO databases, this study will utilize the EXIOBASE 3.41. This
database is the most comprehensive MRIO database that apprehends all indirect and direct
results at a global and regional scale discerning 43 nations, 5 national regions, entailing the
Middle East, and 163 sectors [52,53]. However, the MRIO mentioned above database is not
sufficiently integrated for a global life cycle sustainability analysis of energy production
sectors and energy policymaking in many regions worldwide. A review of MRIO studies
also stressed that the energy sector sustainability impacts must be evaluated with the
TBL metric, including the whole world and revealing as several countries and sectors as
possible [54].

The main steps of midpoint air emissions calculation using the MRIO database are
illustrated in Figure 3.
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From the MRIO table for NG extraction and processing, the parameter factors relevant
to this work are: CO2, CH4, N2O, NH3, PM2.5, SOx, and NOx (SOx and NOx are considered
as SO2 and NO2, respectively). The factors are considered in units of kg emissions per
million euros as an annual expenditure. To calculate the yearly emissions, the annual
investment of NG extraction and process shall be estimated per million Euros. In the
literature, the cost associated with NG extraction is USD 4 per MMBTU NG [55]. Unit
conversion has been used as per [56] to convert the NG to LNG factors. To calculate the
price of each ton of LNG in Euros, the following Equations (1) and (2), have been followed:

Unit CostNatural gas extraction = Cost per MMBTU natural gas× conversion f actor (1)

Unit CostNatural gas extraction

= 4.0 USD
MMBTU natural gas ×

EURO
1.21 USD ×

1×106 MMBTU
TriBTU natural gas ×

0.021 TriBTU natural gas
1000 ton LNG

= 0.0694 USD
Ton LNG Produced

Annual CostNatural gas extraction = Annual LNG Production×Unit Cost (2)

Annual CostNatural gas extraction = 126× 106 Ton LNG× 0.0694
EURO

Ton LNG Produced
= 8.75 M EURO

To calculate the annual emissions, each MRIO emission factor is multiplied by the
annual cost of NG extraction, as per Equation (3).

Annual Emissionmidpoint = Annual Cost×MRIO Emission Factor (3)

3.3. Aspen HYSYS Model

This model is a simulation program that is widely used within the energy industry. The
optimization process is the primary purpose of this software; it involves the downstream,
upstream, and midstream processes. The flow process for many industrial operations might
include hydrocarbon processes, gas flue enumeration for emissions reporting, wastewater
treatment (among other operations), process performance troubleshooting and monitor-
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ing. The simulation tool utilized here is promising and has already been in use for over
35 years [57].

In this research, the stages starting from the preseparation unit until the regasifica-
tion unit in the receiving terminals are simulated in the Aspen HYSYS chemical process
simulator—except for the transportation stage. Two subsections of the LNG transformation
train are considered; hot and cold. The hot section operates above ambient temperature and
includes the NG preseparation, sweetening, SRU, and dehydration sections. On the other
hand, the cold part comprises the recovery and fractionation of NGL, nitrogen/mixed-
refrigerant coolant cycle liquefaction, HeX, the NR facilities, and the export terminal.
Cooling, heating, power, and shaft work supplies are required for the hot and cold portions.
Most are produced and delivered via the plant’s utility area, fueled by hot and cold waste
hydrocarbons. The LNG is sent to the exporting terminals after liquefaction, where it is
shipped to the end-users. The receiving terminal at the end-user’s side takes care of regasi-
fying the LNG by heating for future customer distribution. Approximately 126 MMTPA of
LNG were provided for end-users during tank holding mode, with an 18,146 MMSCFD
NG feed based on a simulation for the whole LNG chain. The NG feed terms and product
specifications are listed in Table 2.

Table 2. Chain feed conditions and products’ specifications.

NG Feed Parameters Specifications

Temperature (◦C) 27
Pressure (bar) 84.5

Flowrate (MMSCFD) 18,146
Composition (mol%)

N2 3.78
H2S 0.80
CO2 2.43
C1 81.3
C2 4.84
C3 1.84
C4 1.03

C5+ 2.93
BTX 0.24

Mercaptans 0.04
H2O 0.74
He 0.04

LNG Product Parameters Specifications
Temperature (◦C) −161

Higher heating value (BTU/SCF) 1040
Flowrate (MMTA) 126

Composition (mol%)
N2 0.70
C1 93.4
C2 5.90
C3 0.03

H2S (ppm) ≤4
CO2 (ppm) ≤59.2

The rough feed acid NG on the LNG train passes first via the condensate and water
preseparation section. For the simulation technique and the Process Flow Diagram (PFD),
see Figure 4. The principal limitation of this method is the Reid Vapor Pressure condensate
product (RVP). The reboiler duty of C1 was thus changed in the simulation, producing
9.4 psi of RVP condensate. The model shows that about 336,000 standard barrels of
stabilized condensate (kS-bbl/day) are generated from the specified NG feed, which is
equal to approximately 90.8 percent of feed pentane plus recovery. The rest of the conditions
specific to the preseparation unit are illustrated in Table 3.
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Table 3. Preseparation unit conditions and specifications.

Specification\Stream Feed from
Off-Shore

Sour NG
to AGRU Condensate Sour Water

Temperature (◦C) 27.00 34.50 40.24 28.64
Pressure (bar) 84.50 74.66 74.66 28.00

Flowrate (MMSCFD) 18,145.67 17,658.50 368.79 135.21
Composition (mol%)

N2 3.78 3.88
H2S 0.80 0.82 0.01 0.05
CO2 2.43 2.49 0.06
C1 81.30 83.32
C2 4.84 4.96 0.02
C3 1.84 1.87 0.50
C4 1.03 0.96 9.13

C5+ 2.93 1.47 82.46
BTX 0.24 0.10 7.80

Mercaptans 0.04 0.04 0.08
H2O 0.74 0.07
He 0.04 0.04 99.89

The separated sour NG is placed in the sweetening unit after the preseparation section
to extract undesired acid gases (CO2 and H2S), mercaptans, and BTX and send them to the
SRU and Tail Gas Treatment (TGT) sections. Figures 5 and 6 demonstrate the flowsheets of
the sweetening and SRU/TGT units with the simulation technique. Methyl diethanolamine
(MDEA) was utilized in this study to eliminate NG acid gasses on the basis of a reaction
separation model. All the reactions, aside from the kinetically constrained CO2, were
considered to be in equilibrium. Sulfur allotropes are produced by SRUs by the acid gas
byproduct from the sweetening unit. The SRUs employ the Claus process, which consists
of both the thermal and the catalytic parts. The first phase consists of the heat recovery
system for steam production and the reaction chamber. In this step, the oxidation of part
of the H2S input produces sulfur allotropes and SO2. The use of a downstream TGT unit
is one technique used to reduce excess SOx generation from the SRUs. The SRU scheme
follows the acid gas removal unit with a two stage Claus process and TGT unit [58]. The
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conditions and specifications illustrated in Tables 4 and 5 demonstrate 99.61% removal of
CO2 and 99.97% removal of SRU from the sour NG, respectively. The acid gas from the
first regenerator rich in CO2 is sent directly to the TGT unit, whereas the acid gas from the
first regenerator rich in H2S is sent to the SRU unit to convert it into elemental sulfur.
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Table 4. Sweeting unit conditions and specifications.

Specification\Stream Sweet Gas
to Dehydration

Acid Gas
to TGT

Acid Gas
to SRU Wastewater

Temperature (◦C) 47.00 58.91 113.80 127.60
Pressure (bar) 68.59 5.00 1.90 2.30

Flowrate (MMSCFD) 16,994.18 237.51 428.96 1.16
Composition (mol%)

N2 4.01 0.57 0.04 0.00
H2S 0.00 6.50 32.89 27.56
CO2 0.01 84.27 66.27 4.51
C1 86.19 6.16 0.38 0.02
C2 5.14 0.04 0.00 0.01
C3 1.93 0.42 0.03 0.01
C4 0.98 0.32 0.02 0.01

C5+ 1.50 0.94 0.05 0.01
BTX 0.09 0.48 0.26 0.05

Mercaptans 0.04 0.31 0.06 0.03
H2O 0.07 0.00 0.00 67.79
He 0.04 0.00 0.00 0.00

Table 5. SRU and TGT conditions and specifications.

Specification\Stream Steam Fuel Air Sour
Water

Water
Out

Absorber
Top Sulfur

Temperature (◦C) 148.04 14.95 34.99 25.00 100.01 35.00 135.00
Pressure (bar) 4.51 3.77 1.70 1.01 1.01 1.06 1.43

Flowrate (MMSCFD) 7.53 8.04 68.14 0.58 437.34 577.56 118.43
Composition (mol%)

O2 20.95
N2 79.02 77.64

H2S 0.02
CO2 0.03 10.28
C1 95.00
C2 4.00
C3 1.00

H2O 100.00 100.00 100.00 5.28
H2 6.78
S 100.00

To avoid downstream corrosion and hydrate creation, which can clog pipes and heat
exchanger passes, NG exiting the sweetening unit should be treated to remove water (dehy-
dration). Figure 7 shows the simulated dehydration unit’s PFD with three molecular sieve
adsorbers. If water has saturated an adsorber, the NG feed must be regenerated into a new
adsorber where in, principle, two of the beds are in use, and one is in regeneration mode.
The conditions and specifications illustrated in Table 6 demonstrate 100% dehydration of
the sweet NG.
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Table 6. Dehydration unit conditions and specifications.

Specification\Stream Sour Water Dehydrated NG

Temperature (◦C) 24.96 24.08
Pressure (bar) 67.54 66.81

Flowrate (MMSCFD) 1.00 16,817.03
Composition (mol%)

N2 4.04
CO2 0.01
C1 86.80
C2 5.12
C3 1.90
C4 0.92

C5+ 1.14
BTX 0.03
H2O 100.00
He 0.04

Dehydrated NG enters the NGL recovery unit after pretreatment. This unit con-
tributes to the regeneration of the residual condensate of the NG stream, provides the
ethane/propane cooling makeup, and facilitates the production of necessary LNG specifi-
cations for the liquefaction system. As seen in Figure 8, a scrub column for feed precooling
and reflux generation is installed in the NGL recovery unit for the chain under examination.
This compresses, condenses, subcools, and throbs refrigerant compression over two vapor
compression cycles, such that coolers are provided mainly through evaporation. Low-
pressure mixed refrigeration (MRs) is given for cooling and liquefaction in the primary
cryogenic heat exchanger (MCHE), as indicated in Figure 9. The NG is emitted from the
NGL recovery unit at 36 ◦C and 67 bar, as illustrated in Table 7, and is then cooled to
−148.4 ◦C and 43 bar, as illustrated in Table 8.
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Table 7. NGL recovery unit conditions and specifications.

Specification\Stream NG to Liquefaction NGL

Temperature (◦C) 36.42 123.60
Pressure (bar) 66.83 32.20

Flowrate (MMSCFD) 14,640.59 723.79
Composition (mol%)

N2 4.20
CO2 0.01
C1 90.39
C2 5.33 1.05
C3 0.03 46.48
C4 23.14

C5+ 28.49
BTX 0.85
He 0.04

Table 8. NG liquefaction unit conditions and specifications.

Specification\Stream From He From N2 LNG

Temperature (◦C) −155.30 −161.90 −148.40
Pressure (bar) 3.18 1.20 43.35

Flowrate (MMSCFD) 13.51 1547.55 16,487.81
Composition (mol%)

N2 49.94 37.61 4.20
CO2 0.01
C1 2.00 62.35 90.39
C2 0.01 5.33
C3 0.03
He 48.06 0.03 0.04

After the liquefaction process, the LNG transfers to the helium and nitrogen recovery
through the integrated HeX and NR units. As illustrated in Figure 10, a self-refrigeration
flash mechanism separates helium from the chain. On the other hand, nitrogen is rejected
using a column with a stripper produced by a cold built-in reboiler. Some light hydrocar-
bons are found in the rejected nitrogen; thus, they are used as fuel. The final LNG project is
stored at −161.6 ◦C and 1.2 bar, as indicated in the unit conditions and specifications in
Table 9.

Table 9. HeX and NR unit conditions and specifications.

Specification\Stream Crude He LNG Product

Temperature (◦C) −155.30 −161.60
Pressure (bar) 3.18 1.20

Flowrate (MMSCFD) 13.51 14,931.41
Composition (mol%)

N2 49.94 0.70
H2S (ppm) ≤4
CO2 (ppm) ≤59.2

C1 2.00 93.38
C2 5.88
C3 0.03
He 48.06
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The fractionating unit consists mainly of three conventional distilling columns. One
of them is the de-ethanizing column (C-21), one is the de-propanizer (C-22), and the other
is the de-butanizer (C-23), as indicated by Figure 11. The conditions and specifications
of this unit are illustrated in Table 10. The liquefied petroleum gas (LPG) is sent back to
liquefaction to be mixed with LNG.

Energies 2021, 14, x FOR PEER REVIEW 19 of 33 
 

 

 

Figure 11. PFD of the simulated fractionation unit. 

As indicated in Figure 12, after entry into the tank, the LNG pressure is lowered and 

the storage temperature is set to around −161 °C. The high LNG pressure in the storage 

tank, heat leaks, the cooling of pipes via part of the LNG, and the displacement of steam 

filling the vapor space were detected as sources of BOG. The terminals in receipt of LNG 

mainly contain LNG storage, regasification, and support utilities. The conditions specific 

to the simulated regasification plant are illustrated in Table 11. 

Table 11. Regasification plant conditions and specifications. 

Specification\Stream LNG out from Tank LNG to Customers 

Temperature (°C) −160.6 25 

Pressure (bar) 3.0 81 

Flowrate (MMSCFD) 14,931.41 14,931.41 

Composition (mol%)   

N2 0.70 0.70 

H2S (ppm) ≤4 ≤4 

CO2 (ppm) ≤59.2 ≤59.2 

C1 93.38 93.38 

C2 5.88 5.88 

C3 0.03 0.03 

De-ethanizer

From
NGL recovery

LPG to Liquefaction

De-propanizer

Propane
makeup

De-butanizer

Pentane plus to
condensate storage

Utility

Material

To Stack/flare

Ethane
makeup

To stack/flare

Figure 11. PFD of the simulated fractionation unit.



Energies 2021, 14, 6278 19 of 32

Table 10. Fractionation unit conditions and specifications.

Specification\Stream LPG Ethane Propane Pentane Plus

Temperature (◦C) 16.40 35 45 130.63
Pressure (bar) 32.00 27.5 30.09 8.30

Flowrate (MMSCFD) 1,847.23 7.09 4.61 170.27
Composition (mol%)

C2 67.21 98.02 1.61
C3 20.36 1.98 96.44
C4 12.35 1.95 0.34

C5+ 0.08 97.49
BTX 2.17

As indicated in Figure 12, after entry into the tank, the LNG pressure is lowered and
the storage temperature is set to around −161 ◦C. The high LNG pressure in the storage
tank, heat leaks, the cooling of pipes via part of the LNG, and the displacement of steam
filling the vapor space were detected as sources of BOG. The terminals in receipt of LNG
mainly contain LNG storage, regasification, and support utilities. The conditions specific
to the simulated regasification plant are illustrated in Table 11.
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Table 11. Regasification plant conditions and specifications.

Specification\Stream LNG out from Tank LNG to Customers

Temperature (◦C) −160.6 25
Pressure (bar) 3.0 81

Flowrate (MMSCFD) 14,931.41 14,931.41
Composition (mol%)

N2 0.70 0.70
H2S (ppm) ≤4 ≤4
CO2 (ppm) ≤59.2 ≤59.2

C1 93.38 93.38
C2 5.88 5.88
C3 0.03 0.03
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Some assumptions and constraints in the LNG process were considered in this sim-
ulation to comply with the environmental protection requirements, minimize ecological
pollution and apply the best operational practices:

• LNG process simulation while plant normal operations only.
• Minimum flaring is anticipated.
• BOG flaring while holding and loading modes is reliquefied and reused to the maxi-

mum extent.
• Seawater cooling water intake and outfall differential temperature are assumed to be

within 3 ◦C for heating/cooling purposes.
• Point sources stack emissions shall not exceed the limits set by the authorities.
• Zero liquid discharges of treated industrial water to the sea.
• LNG product holding mode was assumed in this research. However, another assump-

tion is that all LNG products are loaded and distributed to customers throughout the
year by LNG carriers.

3.4. LNG Maritime Transport Emission Quantification Tool

LNG product transport is a significant stage for the LNG trading supply chain and
contributes to the LNG industry’s overall life cycle. The LNG maritime transport emission
quantification tool has been developed by Aseel et al. [37]. The tool included the data
collection process, assumptions, tools to estimate the energy used, and emissions calcu-
lations as midpoint impact. The proposed mechanism is used in the research to qualify
the midpoint air emissions impact of LNG supply by Qatar to the UK as a case study. The
method set for the tool is to calculate the GHG and other emissions based on the estimation
of the fuel consumed and to calculate the primary pollutants by using the emission factors.

Calculating the emissions begins with collecting the essential information and out-
lining the assumptions to determine the emission value for each vessel. The information-
gathering stage consisted of many data required as input to the tool, such as—but not
limited to—marine route distance between exporter and importer, days of duration of each
operation, types of carrier, carrier maximum loading capacity in line with the International
Maritime Organization (IMO) requirements, fuel types per carrier, carrier’s engine, and
BOG operations during the Laden and Ballast operations.

Following the fuel consumption estimation per carrier and deciding the fuel category,
the subsequent phase uses the relevant emissions factors to convert the total energy com-
busted into midpoint emissions. The emission factors used in the proposed tool are those
that were published by Cooper and Gustafsson [59]. Equation (4) presents the means of
calculation considered:

LNG Transport Emissionmidpoint = ∑ Fuel consumption× Emission f actor (4)

Figure 13 explains the four life cycle air emissions steps using the LNG maritime
transport emission quantification tool.

3.5. Hybrid Life Cycle Air Emission Assessment Model

LCA is an extensively recognized methodology used to estimate the air emissions
and human health impacts of products or processes [60]. This research has three core
methodologies for conducting LCA in the LNG industry and supply chain: MRIO-LCA,
process-based (P-LCA), and LNG Transport-LCA. The MRIOLCA method can capture
environmental impacts and emissions for the entire supply chain and eliminate cutoff
errors. Additionally, the MRIO-LCA method can only provide typical processes [61], and
NG extraction and exploration are well addressed and combined. However, the MRIOLCA
method also introduces uncertainties anticipated from the aggregation of sectors indicative
of the manufactured goods or activities analyzed [62].
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On the other hand, the P-LCA method utilizes the resources and power information for
each LNG process stage designed in the LNG industry for product manufacturing. Direct
emissions and energy used are the main results from the P-LCA, which are then adequately
inventoried and analyzed. Aspen HYSYS is a valuable tool used by chemical engineers to
achieve the level of detail desired for this research. Furthermore, LNG maritime transport
emission quantification and human health impact estimation tools have been utilized to
estimate the energy used, to calculate emissions, and to estimate endpoint human health
impact. This tool is set to calculate LNG maritime transport-related emissions and then
convert them into human health impact based on the characterization factors set by the
ReCiPe 2016 tool.

This research’s approach combines the MRIO-LCA, P-LCA, and LNG Transport-LCA,
known as hybrid LCA air emissions, and the human health impact approach. Various
hybrid models including MRIO have been used in the manufacturing of many products.
However, no study has been found with a hybrid MRIO tool related to LNG product
manufacturing and its supply chain.

3.6. Midpoint and Endpoint Human Health Impact with RECIPE

The determination of both the midpoint and the endpoint of human health are crucial.
The endpoint analysis simply presents the final effect on human health due to the midpoint
environmental footprint. Other endpoint effects could be related to ecosystem quality and
resource depletion. However, the research focuses only on the social and human health
impacts relevant to the LNG trade. Transferring midpoint results to endpoint results gives
researchers a better ability to interpret the exact large number of impacts using endpoint
methods that do not necessitate massive expertise regarding environmental consequences.
In this research, the calculated air emissions footprints accounting for LNG trade include
the NG extraction, LNG process, LNG product storage option, LNG maritime shipping,
and end with regasification at the receiving terminal. The main calculation estimates the
equivalence of the global potential of CO2, NOx and PM2.5 in relation to human health.
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Generally, the approximate consequence of a substance on human health is calculated
by multiplying the characterization factor (CF) with the amount of substance emitted [63].
The total human health effect of the substances radiated by the manufacturing activity is
equivalent to the total amount of the impacts of an individual substance. The accumulation
effects of industrial emitted substances and production processes and regions are also
utilized to evaluate ecoefficiency.

The conversion of Global Warming CO2-eq to human health equivalence is achieved
following Equation (5), where the GWP100 is calculated first for GHG emissions. Then, the
human health impact is calculated based on the characterization factor:

Endpoint HHHierarchic = Midpoint Hierarchic × CFHierarchic (5)

where Endpoint HHHierarchic is the human health impact and CFHierarchic is the characteriza-
tion factor as defined in Table 12. A hierarchical perspective is applied for all midpoint and
endpoint level analyses, representing the impacts for a 100-year time horizon. Similarly,
the conversion of fine particulate matter formation (PM2.5-eq) and photochemical ozone
formation (NOx-eq) to human health equivalence is achieved. The PM2.5-eq and NOx-eq
are calculated first for emitted substances. Then, the human health impact is calculated
based on characterization factors as defined in Table 12.

Table 12. Midpoint to endpoint characterization factors.

Midpoint to the
Endpoint CF

Human Health

Midpoint
Emission

Considered
Midpoint Unit Midpoint Impact

CF (Hierarchic) Endpoint Unit Endpoint Impact CF
(Hierarchic)

Global Warming
Potential
(GWP)

CO2 kg CO2-eq./kg
midpoint emission

1.00
DALY/kg CO2-eq. 9.28 × 10-7CH4 28.00

N2O 265.00

Photochemical
ozone formation NOx

kg NOx-eq./kg
midpoint emission 1.00 DALY/kg NOx-eq. 9.10 × 10-7

Fine particulate
matter formation

SO2

kg PM2.5-eq./kg
midpoint emission

0.29

DALY/kg
PM2.5-eq. 6.29 × 10-4

NH3 0.24
NO 0.17
NO2 0.11
SO3 0.23

PM2.5 1.00

4. Results and Discussion
4.1. Sources and Midpoint Emissions Clustering in the LNG Supply Chain

The LNG manufacturing and supply chain consist of many processing stages. Each
one contributes to the environmental air emissions at different rates for several production
operation scenarios. The air emission pollutants for each operation stage are identified and
analyzed using a heat map diagram for LNG production and supply chain, as shown in
Figure 14. The heat map evidently demonstrates the pattern and corresponding formation
for all air pollutants associated with the LNG process chain. The ultimate ranking of the
air emissions generation is performed by assigning each indicator’s weight individually
and subsequently calculating the whole weight for each LNG operational stage. These
results help to emphasize the clustering irrespective of the LNG process sequence from
upstream to downstream. The used analysis technique helps to focus on the significant
emissions contributors directly impacting human health. As a result, the highest emission
formations are found from MDEA Sweetening unit, LNG loading (export terminal), and
LNG shipping stages, respectively. However, the NGL recovery and fractionation units
were found the have the lowest numbers in terms of environmental releases.
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Figure 14. Heat map diagram for air pollutants from several process units in LNG manufacturing and supply chain.

4.2. Midpoint Emission Results for LNG Supply Chain Stages

The air emission generated from each operation stage is converted to the midpoint im-
pact using CFs and analyzed using another heat map diagram, as shown in Figure 15. The
midpoint impact is in mass unit that mainly represents global warming potential (counted
as CO2-eq), photochemical ozone formation (counted as NOx-eq), and fine particulate
matter formation (counted as PM2.5-eq). The heat map shows the pattern and correspond-
ing formation for all midpoint impacts associated with the LNG process chain and the
respective contributions of each stage. As a result, the highest overall midpoint formation
is found from LNG loading (export terminal), liquefaction, and MDEA Sweetening unit,
respectively. However, the lowest in terms of midpoint impact results was found to be
natural gas extraction.

The midpoint emissions have been calculated for all the LNG process stages and all the
results are presented in Table 13. NG extraction-related emissions data based on the annual
LNG production show a noticeable amount of CO2-eq per year. The CO2-eq is mainly
found either in the raw gas from the wellhead (in a considerable percentage) or by the
off-shore platforms’ combustion processes. The NG extraction process contributes around
0.5% of the overall CO2-eq in the LNG supply chain. NOx-eq and PM2.5-eq are mainly
produced due to the combustion process at the upstream facility, and their contributions to
the life cycle are considered negligible.
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Table 13. Midpoint impact results from several process units in LNG manufacturing and supply chain.

Emission Source Global Warming
(kg CO2-eq)

Photochemical Ozone
Formation

(kg NOx-eq)

Fine Particulate Matter
Formation

(kg PM2.5-eq)

Natural gas extraction 53,648,395.34 78,932.64 7740.91

Preseparation unit 3,630,834.41 14,129.75 1,308,947.10

MDEA Sweetening unit 25,414,306,084.39 367,511,207.61 67,015,269.55

SRU and TGTU units 569,820,482.48 50,239,730.24 1,483,250,846.87

Dewatering unit 9,591,964,940.34 226,246,569.61 40,551,701.60

NGL recovery and fractionation units 65,316,380.97 118,701.79 33,094.41

Liquefaction unit 21,012,275,442.69 469,812,499.27 79,849,788.70

LNG loading (export terminal) 42,201,635,518.84 1,043,728,533.51 177,395,647.88

LNG shipping 742,164,478.68 1,522,491.68 925,655.30

LNG receiving terminal 4,933,090,400.29 122,400,674.00 20,803,647.24

The emissions generated from the preseparation unit are pretty lower than NG ex-
traction emissions for the CO2-eq and NOx-eq. However, PM2.5-eq is higher than in the
previous stage. The presence of the emissions in this stage is due to the separation of the
off-gases and venting in the separation vessels and the minor utilities needed to operate the
unit. Based on the annual LNG production, PM2.5-eq represents 0.1% of the total PM2.5-eq
in the LNG supply chain. CO2-eq and NOx-eq are not considered significant in this unit,
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which may rely on the separation process, and their contribution to the life cycle is deemed
minimal.

The MDEA sweetening unit represents the second-highest contributor of CO2-eq and
the third-highest contributor of NOx-eq along the LNG supply chain life cycle. Table 13
shows that the CO2-eq emissions generated from the MDEA sweetening unit are significant
and represent around 24.3% of the total CO2-eq in the LNG supply chain. Furthermore,
considerable NOx-eq emissions are present in the same unit, with a contribution of 16.1%
compared to the overall LNG life cycle. The high emissions from this unit are expected due
to the nature of the acid gas removal from the NG stream and meet the purity requirements.
Additionally, acid gas removal is necessary to avoid further potential damage to the
downstream equipment in the supply chain. Due to the direct impact of the released gases,
combustion must be ensured with high efficiency to avoid human health impacts and
ensure minimum releases of PM2.5-eq to the atmosphere. Further studies to minimize the
environmental impact from the MDEA sweetening unit are highly recommended to reduce
ecological degradation and minimize the direct human health impact.

The SRU and TGTU units represent the highest contributors of PM2.5-eq along the
LNG supply chain life cycle. The unit mainly combusts acid gases and other pollutants
by combustion processes to release a lower quantity of hazardous air pollutants into the
atmosphere. Table 13 shows that the CO2-eq, NOx-eq, and PM2.5-eq emissions generated
from the SRU and TGTU units are considerable, with a contribution of 0.5%, 2.2% and
79.3%, respectively, of the overall emissions in the LNG supply chain. It is recommended
to further research and enhance technology to reduce or capture particulate matter with
higher efficiency to minimize the environmental and human health impacts associated
with the LNG midstream process.

The dewatering unit contributes significantly to the vented emissions in the LNG
midstream cycle. To dehydrate the NG, energy for heating is required as utilities in which
emissions are mainly generated. The CO2-eq, NOx-eq, and PM2.5-eq emissions generated
from the dewatering unit are presented with a medium-to-high contribution of 9.2%, 9.9%,
and 2.2%, respectively, of the overall emissions in the LNG supply chain.

The NGL recovery and fractionation units are minorly emitting pollutants to the atmo-
sphere based on the annual LNG production. CO2-eq is mainly found in the dehydrated
gas from the dewatering unit. CO2-eq is expected, from the associated utilities used in the
unit, to provide the necessary process resources and stream to operate the unit effectively.
The NGL recovery and fractionation units contribute around 0.1% of the overall CO2-eq in
the LNG supply chain. The contributions of NOx-eq and PM2.5-eq emissions to the life
cycle are considered negligible.

The liquefaction unit represents the third-highest contributor of CO2-eq, second
highest contributor of NOx-eq, and third highest contributor of PM2.5-eq along the LNG
supply chain life cycle. Table 13 demonstrates the CO2-eq, NOx-eq, and PM2.5-eq emissions
formation from the liquefaction unit. The emissions are mainly produced as part of the LNG
process chain and are specifically related to utility consumption, heating, regenerations,
and steam generation. Around 20.1% is the CO2-eq emitted from the liquefication unit
compared with the rest of the LNG life cycle. Moreover, NOx-eq and PM2.5-eq present
around 20.6% and 4.3%, respectively, along the LNG process chain.

The highest emitter of CO2-eq to the atmosphere is the LNG loading unit (export
terminal), representing 40.4% of the overall LNG supply chain life cycle. Furthermore,
the same unit is considered the highest contributor of NOx-eq with 45.7% and the second-
highest contributor of PM2.5-eq with 9.5% along the LNG supply chain life cycle. It is
essential to treat the LNG loading unit as a hot spot in which further process optimization
and enhancement are required. The emissions are mainly generated from product storage,
utility consumption, loading to carriers, and BOG flaring. A reliquification unit will be
made to maximize the gas recovery, avoid losses and abate ecological degradation. It
is certain that minimizing environmental releases to the atmosphere will help to save
human lives.
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LNG shipping is a crucial stage in the LNG supply chain life cycle. The emissions vary
from one destination to another. In this research, the UK deliveries have been considered
over the year with annual demand of 6.6 million metric tons per annum (MMTA). The fleet
type assumed to be used in this research is Conventional-2, which utilizes LNG as a fuel
source. Annually, 51 trips are expected to the UK based on the agreement between both
countries. The CO2-eq, NOx-eq, and PM2.5-eq emissions calculations illustrated the contri-
bution to the LNG supply chain by 0.7%, 0.1% and 0.1%, respectively. As the technology
is improving fast in the ship design, further enhancement to the ship structure, engine,
and fuel system could help in minimizing the environmental footprint. The emissions are
mainly from fuel combustion, utilities, BOG flaring, and tank venting. Table 13 shows the
emissions results for LNG shipping from Qatar to the UK annually.

Finally, LNG receiving terminals and regasification plant units add more emissions to
the environment due to utility requirements and flaring. The reliquefaction of the LNG is a
crucial step to avoid losses and minimize the emissions in the LNG downstream cycle. The
table below presents that the CO2-eq, NOx-eq, and PM2.5-eq emissions generated from the
LNG receiving terminal and regasification plant units have a medium-to-high contribution
of 4.7%, 5.4% and 1.1%, respectively, of the overall emissions in the LNG supply chain. The
responsibility of the importing facility is to ensure proper maintenance and operational
efficiency to avoid emissions released to the atmosphere and direct and indirect human
health impacts.

4.3. Midpoint Air Emissions Analysis

The LNG process chain emits different quantities and qualities of emissions into the
atmosphere as part of LNG product manufacturing. To make the analysis simpler and
profitable for the decision-makers, the emission results from different tools were normalized
in ratios. The results were sorted out for the individual unit. Later, the maximum value was
taken for all the stages. Each stage result was divided by the maximum value considered in
the previous stage to be normalized. The normalized values are unitless and dimensionless.
The range provided to meet the normalization conditions is from zero to one.

The lower value intensity for the LNG process stage obviously has a lower environ-
mental impact and more sustainable performance in the supply chain. Figure 16 indicates
the comparison of the normalized midpoint air emissions found at different points in the
LNG supply chain. As shown in Figure 16, the LNG loading terminal was found to have
the highest normalized CO2-eq and NOx-eq emission contribution along all of the LNG
supply chain stages. On the other hand, the preseparation unit was seen as the lowest
in the emission releases for normalized CO2-eq and NOx-eq emissions. Moreover, the
intensity value for normalized PM2.5-eq found the maximum levels at the SRU and TGTU
units, whereas the minimum levels were noticed at the NG extraction stage.

4.4. Endpoint Social Human Health Impact Analysis

After demonstrating midpoint emission results, the next milestone is to convert the air
emissions into social and human health impact results. As illustrated in the methodology
section of this paper, ReCiPe 2016 characterization factors are used to estimate the daily
loss of life related to industrial activities to manufacture and deliver the LNG product.
Figure 17 represents the normalized values of daily loss related to human health annually
based on the annual emissions per stage in the supply chain.
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The results indicate SRU and TGTU units as the highest stage for social human health
impact with approximately 7409.0 (DALY/million Ton LNG produced annually) followed



Energies 2021, 14, 6278 28 of 32

by LNG loading (export terminal) stage with 1203.9 (DALY/million Ton LNG produced
annually). On the other hand, the lowest processing stages for social and human health
impacts were NG extraction and NGL recovery and fractionation units associated with
0.43 and 0.65 (DALY/million Ton LNG produced annually), respectively. The results can
be used to determine the significance of researching engineering solutions to capture sour
gases and minimize flaring to the maximum extent during LNG production and in relative
parts of the supply chain.

4.5. Social Human Health Implications

This research reveals eye-opening information about the social human health impacts
of the most attractive and promising energy source for the 21st century. According to the
results demonstrated in previous sections, many necessary actions need to be considered
in the LNG supply chain to ensure social human satisfaction and wellbeing. The proposed
implications are divided into administrative and engineering controls. A continuous stack
emission monitoring system should be installed at all individual point source combustion
units so that administrative controls can be used to measure the emissions during different
operational scenarios. Furthermore, modeling the releases shall be considered for all
sources of emissions, and simulating the impact of the critical primary receptors is required.
The primary sensitive receptors could be—but are not limited to—crowded areas such as
hospitals, schools, stadiums, etc. Moreover, further research is necessary to revalidate the
environmental limits set by governments to ensure better air quality and minimum human
health impact according to the United States Environmental Protection Agency (US EPA)
laws and regulations.

For the engineering controls, industries should implement the best available control
technologies (BACT) to eliminate the air pollutants associated with human health impacts.
LNG producers have the social responsibility to build on the evidence with the community
and worldwide customers. LNG industries and shipping companies should implement the
possible solutions towards safe, healthy, and efficient processes to have such a sustainable
LNG production and supply chain for long-term trading.

Besides, the WHO should continue to monitor air quality conditions and their impact
on human health. Industrial evolution must include operations within WHO’s standards
for air quality to avoid further costs to human health and community dissatisfaction.
Finally, energy policies must also be implemented in order to improve global human health
and mitigate the significant contributors to health deterioration in a sustainable manner.

5. Conclusions and Recommendations

The LNG product and supply chain market are of growing global interest, and demand
continues to increase. In this study, an LNG plant with up to 126 MMTA production has
been successfully designed and simulated, considering many constraints, assumptions,
and limitations. In order to evaluate and analyze the sustainability of the LNG supply
chain, a hybrid life cycle assessment model was developed to assess the social and human
health impact based on the environmental air emission formation of the LNG industry and
associated supply chains. This comprehensive research’s primary sources of information
were obtained from the MRIO database, Aspen HYSYS simulator, and LNG Maritime
Transportation Emission Quantification Tool.

5.1. Discussion of Key Findings

The research’s results started by clustering the environmental emissions sources based
on the contribution of each stage in the supply chain. It was found that the highest emission
formation is found at the MDEA Sweetening unit, LNG loading (export terminal) and LNG
shipping stages, respectively. However, the lowest in terms of environmental releases were
found to be the NGL recovery and fractionation units.

For the midpoint air emissions results, each stage’s emissions have been calculated
to obtain the quantities of CO2-eq, NOx-eq, and PM2.5-eq per unit LNG produced. The
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primary emission sources and main causes of the presence of significant emissions have
been addressed and justified. To make the analysis simpler and more profitable for the
decision-makers, the emission results from different tools were normalized in ratios. The
midpoint analysis results indicate the LNG loading terminal as the highest normalized
CO2-eq and NOx-eq emission contribution along all LNG supply chain stages. Moreover,
the intensity value for normalized PM2.5-eq found the maximum at the SRU and TGT units.

After demonstrating the midpoint emission results, the social human health impact
results have been determined using ReCiPe 2016 characterization factors to estimate the
daily loss of life related to industrial activities to manufacture and deliver the LNG product.
The endpoint analysis results indicate SRU and TGTU units as the highest stage for social
human health impact with approximately 7409.0 (DALY/million Ton LNG produced
annually) followed by LNG loading (export terminal) stage with 1203.9 (DALY/million
Ton LNG produced annually). On the other hand, the processing stages that produced
the lowest quantity of social and human health impacts were NG extraction and the NGL
recovery and fractionation units, associated with 0.43 and 0.65 (DALY/million Ton LNG
produced annually), respectively.

5.2. Limitations of the Current Research

The MRIO lacks information providing the LNG industry-specific top-down analysis
for the LNG sector, which makes evaluating several combined sources of information a
challenge. Moreover, few publications in the related literature perform the verification
step included in this research’s result. However, most of this work’s data are based on
an optimized LNG process that is reliable. Furthermore, there is a need to establish and
perform triple bottom line life cycle sustainability assessment (LCSA) modeling with more
indicators, such as cost, taxes, energy, employment, safety, etc., in order to have an overall
sustainability assessment of the LNG product and supply chain [64,65].

5.3. Recommendations, Future Work and Policy Making

This research went through an extensive literature review, followed by a comprehen-
sive combination of essential tools to establish a novel hybrid model. In conclusion, further
study and optimization of the design of the LNG process are recommended in order to
reduce ecological degradation and minimize the direct human health impact from the
MDEA sweetening and SRU units by applying more efficient scrubbers and absorbers into
the processing unit. Moreover, it is advisable to review the LNG shipping route and select
the best available options to avoid further unnecessary emissions. Much work relating
to such enhancements has been highlighted in the literature related to the electrification
of shipping carriers; however, policymakers still cannot enforce the implementation of
action plans towards ensuring less emissions from shipping to the environment. Finally, it
is advised to increase the reliability of work in the energy industries to prevent abnormal
operations and losses to the flare wherever applicable. Additionally, maximizing CO2 as a
raw material for oil recovery enhancement and exploration in the long-term is an essential
step towards a circular economy for counties owning oil reservoirs and natural gas fields.
The circular economy is an innovative initiative that ensures the sustainability pillars for
several products and business sectors [66,67].
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