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Preface

Natural gas has become increasingly central to the global energy landscape, significantly 
influencing both energy markets and environmental sustainability. This edited volume 
explores natural gas’s role in contemporary energy discussions, highlighting challenges, 
technological innovations, environmental impacts, and future opportunities.

The chapters within this volume address key thematic areas, beginning with the critical 
issue of methane emissions, exploring current strategies for emission measurement, 
mitigation techniques, regulatory frameworks, and their broader climate implications. 
This discussion is complemented by in-depth examinations of unconventional gas 
resources, including coalbed methane, tight gas, shale gas, gas hydrates, and emerging 
technologies in hydrogen production.

Further emphasis is placed on sustainable practices within natural gas production, 
focusing particularly on environmental impacts, strategies for carbon management, 
and innovative technologies aimed at minimizing ecological footprints. Perspectives 
on radiological and environmental aspects of shale gas extraction are also critically 
examined, highlighting the need for rigorous safety standards and environmental 
baseline studies.

Technological innovation and sustainable development form another critical theme 
explored within this volume. The authors provide insights into advancements aimed 
at improving extraction efficiency, reducing environmental harm, and optimizing 
production processes. Significant attention is given to technologies such as waste 
heat recovery and carbon capture and strategies to eliminate or significantly reduce 
environmentally intensive extraction techniques.

The geographical scope of this volume is diverse, with contributors presenting research 
and insights from various global regions. The evolving role of liquefied petroleum gas 
(LPG) and renewable BioLPG is discussed, particularly within the contexts of Europe 
and Africa, examining regulatory developments, technological advancements, market 
transitions, and their implications for sustainability and clean energy transitions.

Additionally, methodological advancements in petroleum research are explored, 
highlighting analytical techniques that enhance fuel quality assessment and efficiency 
in petroleum production processes. The critical role of geographic information systems 
(GIS) and remote sensing technologies in assessing risks and interdependencies within 
oil and gas infrastructures is also discussed, underscoring the importance of robust 
infrastructure management.

We believe this book will serve as a valuable resource for scholars, industry profes-
sionals, policymakers, and anyone interested in understanding the current state and 
future directions of natural gas utilization in the 21st century.
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Chapter 1

Methane Emissions from Natural 
Gas Systems: A Synthesized Review 
and Insights into Mitigation Gaps 
and Pathways
Hossein Maazallahi, Jia Chen and Julianne M. Fernandez

Abstract

Methane is a primary component of natural gas systems, which contributes to sup-
plying global energy demand. This resourceful gas poses high global warming potential 
and ranks second in increasing global mean temperature after carbon dioxide. While 
the use of natural gas has been noted as a bridge to move toward renewable energies, 
exceeding methane emissions from the natural gas supply chain can offset its climate 
benefits. Measurement-based campaigns have shown that methane emissions from 
natural gas systems can be mostly larger than what it has been documented, which can 
be due to the use of generic emission factors, unaccounted emissions and emissions 
from abandoned wells collectively. Here, we explore into the details of studies, show 
the effectiveness of measurement-based campaigns in understanding the actual emis-
sions from activities, solutions that can be implemented or further studies in mitigat-
ing emissions and challenges that can slow-down or halt the mitigation process.

Keywords: methane emissions, emission mitigation, emission regulations, emission 
measurement, climate innovations

1.  Introduction

1.1 Methane emissions and global warming

Methane has relatively short-term lifetime spanning around 10–12 years [1, 2], 
which means that considerable emission reduction of this greenhouse gas on a short-
term basis has high potential in decreasing its atmospheric abundance, hence slowing 
down global warming [3]. Methane has a much stronger radiative forcing, with a 
mass-to-mass ratio indicating it is over 28 times higher in terms of trapping heat on a 
100-year time horizon and becomes 84 times stronger effect on a 20-year time horizon 
[4–6]. This means that adding 1 kg of methane into atmosphere has a similar warm-
ing effect similar to adding more than 84 kg of carbon dioxide. On the other hand, 
reduction or removal of 1 kg of methane from atmosphere is equivalent of reducing 
warming effect of more than 84 kg of carbon dioxide during a 20-year time horizon.
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Methane is considered the second most potent greenhouse gas after carbon 
dioxide, but its emission reduction has been seen as an opportunity to open a time 
window implementing actions to achieve global climate goals. Methane is spewed into 
atmosphere from several natural and anthropogenic sources. Emission reduction of 
methane from fossil fuel activities is considered a feasible solution in terms of slow-
ing down global warming on a short-term time horizon. This is due to availability of 
technologies required to reduce or eliminate emissions at release points.

Within the energy sector there is room for improvement to aline toward greener 
option. This means that the carbon footprint of the sector should be considerably 
lower than today’s level to meet the goals of the Paris Climate Agreement [7]. In 
Figure 1, it can be observed that the global mean temperature has increased relative to 
1940 when global temperature records began. It is widely agreed that anthropogenic 
greenhouse gas emissions are the primary cause of global warming, and the abun-
dance of atmospheric greenhouse gases can be further increased with extra natural 
GHG emissions, that is, positive climate feedback.

1.2 Methane emission regulations

Methane regulations are of necessity to move toward emission reduction. One 
of the concerns is that policies may oversee a large number of emission sources 
[8] or target the wrong locations. In mid-November 2023, the EU Commission 
announced the release of the first of its kind regulation dedicated to methane 
emissions from the energy sector [9], which follows the EU methane strategy [10]. 
The EU methane regulation took place on the 4th of August 2024 [11]. The EU 
methane regulation has great importance as the EU is the largest importer of fossil 
fuels worldwide. According to statistical data in 2022, the EU imports 70%, 97% 

Figure 1. 
Global average temperature shows clear increase relative to the previous years since 1940 when the global mean 
temperature has been measured continuously.
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and 90% of its demand for hard coal, oil and natural gas from outside its borders 
[12], which means that the climate impact of what is used within the European 
Union happens outside EU. Following the new EU methane regulations, exporting 
countries of fossil fuel should follow methane regulation to be able to stay in EU 
market. These regulations are essential in lowering methane emissions which then 
ask for continuous monitoring through series of measurements for reporting and 
verification of methane emissions. During the COP26 in 2021, the Global Methane 
Pledge was announced, which was initiated by the US and European Union and 
supported by the Global Methane Initiative (GMI), the Global Methane Hub 
(GMH), the International Energy Agency (IEA), the United Nations Economic 
Commission for Europe (UNECE) and the World Bank, and 158 countries (until 
March 2024) have joined the pledge [13].

Stechemesser et al. examined 1500 policies implemented over the past 25 years 
and identified 63 of the most successful cases [14]. Their study highlights the poli-
cies and pathways required to close emission gaps across various economic sectors. 
Overall, policy implementation should:

i. include a mix of different policies to address emission reduction from multiple 
perspectives;

ii. differentiate pathways for developing and developed countries, as carbon pric-
ing tends to be more effective in the developed countries, while regulations are 
more impactful in the developing countries;

iii. demonstrate that successfully implementing these 63 policies could achieve a 
26–41% reduction in emissions, contributing significantly to meeting the Paris 
Agreement targets.

1.3 Methane-related communities, initiatives and work groups

The recent developments in understanding methane emissions from the O&G 
supply chain and other sources have brought in-depth impacts on real-life conditions. 
Already, numerous mitigation plans and dialogs worldwide, for example, the recent 
methane regulations, have been implemented. Several emission mitigations, improve-
ments in technologies, advancement of the market and emergence of science- and 
tech-based startups have grown. New companies and countries are joining the actions 
and thinking about how to reduce their carbon footprints.

European Gas Research Group (GERG) is an active R&D group where several 
methane emission measurements have been tested through coordinated campaigns. 
From these campaigns, insights have been recommended through the series of 
measurement-based projects, which have led to enhancement and improvements of 
measurement techniques, Bottom-Up (BU) and Top-Down (TD) reconciliations at 
source and site levels [15]. These campaigns were in direct connection with opera-
tional industrial activities, and real-world impacts have been obtained to achieve 
mitigations in real conditions.

The GMH aims to catalyze actions for the agriculture, waste and energy sectors 
through the global engagement of scientists, industrial experts, policy makers and 
philanthropists to move toward methane mitigation worldwide [16]. The GMI works 
on generating energy resources from methane emissions and they provide technical 
support for these projects [17].
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Several standardization groups are active to provide the most recent standards like 
CEN TC264 WG38 and CEN TC234 WG14. TADI & METEC test centers are the loca-
tions where extensive facilities are available to perform methane-emission measure-
ment methods under the controlled operational conditions [18, 19].

International Methane Emissions Observatory (IMEO) is an initiative from UNEP 
to collect measurement-based ground-based, airborne and satellite data and commis-
sion studies and synthesize the data for publications in collaboration with the O&G 
industry [20]. With regard to the reporting and mitigation purpose of oil, the Oil and 
Gas Methane Partnership 2.0 (OGMP 2.0) provides a measurement-based framework 
with mitigation possibilities from which companies can benefit [21]. IMEO initiated 
the Methane Alert and Response System (MARS) program in which multiple stake-
holders contribute to detect and quantify methane emissions from O&G operations. 
Through the MARS program, governments are informed about large-scale emissions 
detected through multiple satellites from several organizations or companies. The 
governments involved in the program are asked to engage, take action and mitigate 
the detected emissions. With the current consolation of satellite, recent develop-
ments and planned launches, this program holds a great position in methane emission 
mitigation and paves and eases the way for carbon dioxide mitigation.

Methane Mitigation Summits is the largest platform where large events are held to 
welcome experts from O&G companies to exchange knowledge on how to mitigate 
and decarbonize O&G industries together with the Industrial Decarbonization 
network [22]. They have also released a series of podcasts in which different topics 
have been discussed in detail for the industry and broad audience.

1.4 Top-down/bottom-up methane measurement approaches

There can be two ways to interpret the definition of TD and BU: (I) related to the 
design of an inventory and (II) related to how measurements are performed.

In the first category, if a technique is applied at all sources within a target area, 
it is said that the total emissions from the target area are derived from inventory BU 
approach, while if total emissions from that region are derived first, then the total 
emissions are broken down to the contributors, which can be referred to as inventory 
TD approach.

In the second category, the term measurement BU approach refers to a measure-
ment technique in which all emissions from a source are captured and then, they are 
translated into emission rates. For example, emissions rates derived form an enclosure 
falls into the measurement BU approach. At industry use of generic factors to estimate 
emission rates, using handheld instruments is also considered a measurement BU 
approach. While the term measurement TD approach refers to a measurement in 
which behaviors of an emission plume in the ambient air is studied through series of 
measurements and then emissions rates can be derived. For example, mass balance 
measurements using a plane is considered a measurement TD approach. Detection and 
quantification performance of these techniques can be intercompared [23] as well 
as for instruments [24]. In a summary, the BU techniques are those that are based on 
the direct measurements for detection and quantification or only detection of meth-
ane emissions and the TD techniques are based on translation of ambient methane 
abundance concentrations (mixing ratio) into emission rates.

There can be tens, hundreds, or thousands of methane emission points at a site, 
and all these sources need to be taken into account to obtain total emissions from a 
target area, which can be accomplished by applying measurement-based techniques. 
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There are several BU and TD methane emission measurement techniques at source or 
site levels [25].

The measurement-based TD and BU methods each have specific strengths and 
weaknesses [25–27].

• TD methods can detect and quantify total emissions from a source relatively 
faster than BU methods.

• BU approaches can be more sensitive to smaller emitters, such as using bagging 
or chamber measurements, whereas TD methods generally have higher detection 
and quantification thresholds.

• TD methods, such as drone-, vehicle-, airborne- and satellite-based techniques, 
can cover larger areas for identifying sources.

• TD approaches can quantify emissions from large facilities but may not neces-
sarily identify the root cause of the emissions. In such cases, applying BU 
approaches or using OGI/QOGI cameras can be beneficial.

The applicability of TD methods may be limited by environmental factors, such as 
wind speed and direction, whereas BU methods do not face these challenges.

1.5 Methane emissions from natural gas systems

Natural gas as a fossil fuel resource contributes significantly to supplying global 
energy demand. While traditionally, this source has been considered a clean energy 
source relative to oil and coal due to lower carbon dioxide emissions to produce a unit 
of energy, intentional and unintentional methane emissions from natural gas systems 
put this under question. Natural gas remains a significant source of energy for the EU 
[28]. In 1980, the US Department of Energy was investigating new sources of natural 
gases from conventional or unconventional sources [29], and exploration of new 
sources has continued ever since. It is possible that natural gas will be a supporting 
natural source of energy to supply energy demand due to its low cost [30].

Reducing anthropogenic methane emissions brings financial, environmental and 
health benefits while it is also important in keeping operation in natural gas systems 
safe. While minimizing methane loss provides direct financial benefits [31], the other 
mentioned advantages are sources of indirect financial gains. Emission reductions 
and decarbonization from the global natural gas industry require visionary and deep 
efforts to achieve meaningful progress toward emissions reduction.

Methane emissions in natural gas-producing countries showed a high contribution 
to the total anthropogenic emissions within a country. This presents opportunities 
that are economically beneficial, in line with regulations within a country or region, 
environmentally friendly, and can be partially beneficial for supplying demand, 
especially for countries short of energy. Natural gas systems contribute about 40% 
to total anthropogenic emissions in the US [32]. This is while in Iran, a country with 
the second proven natural gas reserve, methane emissions from the energy sector 
contribute 60% to total anthropogenic emissions [33].

Methane emissions in the natural gas industry are heavy-tailed, which means that 
there are locations with extremely high levels of methane emissions, which account 
for the majority of the emissions. This can be observed in all streams of the natural 
gas industry [30, 34].
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1.6 Inventoried methane emissions

Inventories are based on generic emission factors and give an estimate of emissions 
over a year. However, emission measurements have shown that generally inventories 
underestimate emissions. This can be due to several reasons including episodic 
emissions that are most likely not included in the inventory estimates. Estimates of 
blowouts may not also be included in the inventories due to safety issues. In these 
events, emission control and repair hold a higher priority than the estimation of 
emission measurements. The use of generic factors for estimating methane emissions 
from activities in the natural gas system is another reason. Unreported emissions due 
to overseeing the emissions in remote areas or due to lower priority relative to safety 
issues during repair are another reason [35–38].

Methane is the major part of natural gas and the main source of energy within the 
natural gas system. While methane has large financial and energy-related benefits, 
intentional or unintentional releases of this gas into the atmosphere from natural 
gas systems impose threats to achieving climate goals [8]. Among other fossil fuel 
sources, the use of natural gas to supply demands is considered the cleanest in terms 
of carbon dioxide emissions to produce a unit of energy relative to dependency on oil 
or coal, which depends on the anthropogenic emission throughout the whole natural 
gas system [34, 39]. If methane emissions exceed more than 1–5% of the production 
across the supply chain, this offsets the climate benefits of the use of natural gas [40]. 
Normalized methane emissions by production from natural gas systems, that is, the 
amount of methane emission per unit of production, is very debatable, which can be 
due to different operational conditions through studies, selection of studied areas, 
different upscaling methods, and different production rates during studies. The TD 
studies in the US have shown the normalized methane emissions by production to be 
greater than 1%, and this normalization can be highly greater for conventional pro-
duction sites (>10%) relative to unconventional production sites for specific regions, 
which might be explained by use of newer technologies [41, 42]. This also shows 
that the normalized methane emissions can be spatially very different. Production 
normalized can be 6.2–11.7% in the western natural gas field in the US [43]. It was 
also reported that natural gas production from both conventional and unconventional 
sources can have a worse environmental impact compared to coal or oil [44]. While 
natural gas has been considered a bridge to achieve the transition period to move 
toward a sustainable supply of energy demand [45], the high rate of methane emis-
sion from fossil fuels imposes questions about this.

In 1992, the US Environmental Protection Agency (EPA) and Gas Research 
Institute estimated that 6.04 ± 2.01 Tg was emitted from all natural gas operations 
in the US, which was equivalent to 1.4 ± 0.5% of total production [46]. In another 
study, methane emissions from natural gas systems were estimated to be 4.4 Tg yr.−1 
[47]. Due to inaccurate assumptions or poor-quality data or a combination of both, 
the replacement of coal and oil with natural gas could not be defended [48]. In 2017, 
in a synthesis article, methane emissions from extraction to delivery were estimated 
to be 1.7% (95% CI 1.3% – 2.2%). However, several studies have shown that actual 
methane emissions from natural gas systems can be significantly different, mostly 
higher than what is reported in the inventories, and for individual sources can be 
more uncertain [37].

In 1999, with scaled-up analyses of methane emission measurement from some 
natural gas production and transmission operations in Russia, it was concluded that 
the total methane loss from the entire natural gas system in the country was 1.5–1.8% 
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(4 Tg yr.−1), which was lower than other studies [49]. In another study, methane 
emission loss from natural gas systems in Russia was estimated to be around 25–35 
Tg yr.−1 [3], which is significantly larger than the other study and can be translated 
to 9–16% methane loss from the natural gas system in Russia. In 2005, authors of 
the study from 1999 indicated that methane emission from the largest natural gas 
transmission pipeline in Russia is 1.4% of transported gas and suggested that leakage 
reduction of natural gas could be useful for climate change mitigation in the short 
term compared to coal and oil [50]. Although in Britain it was aimed to keep methane 
emissions from natural gas systems at 1% supply, a study from 1990 concluded that 
methane emissions from natural gas systems in the UK were more than 1.9% and 
most likely between 5.3 and 10.8% [51]. With limited measurements and upscaling to 
global urban areas, cities can contribute to 7–15% of global anthropogenic methane 
emissions [52].

As countries are committing to emission reduction from their activities, it is 
essential to perform accurate measurement techniques to be able to follow the reduc-
tion efforts [35], and this falls into the measurement, monitoring, reporting and 
verification system.

1.7 Methane emission measurements

Methane emission can be measured through a series of detection, quantification 
and attribution techniques [53], which is going to be expressed in details in Section 
2. Depending on meteorological conditions, emission source properties and suitable 
measurement-specific conditions, it can or cannot be possible to translate detected 
emissions to source emission strength. This means that to quantify detected meth-
ane emissions, certain criteria should be met. Emissions can be quantified using 
ground-based, aerial, or satellite platforms with in situ, open-path or remote sensing 
techniques. Quantification methods can be based on theoretical equations such as the 
Gaussian plume model or empirical equations, which are based on several controlled 
releases. To properly quantify methane emissions, TD and BU methods, explained 
later in Section 2, are required to be applied to make sure no source is missed within 
a small or large area [27]. Attribution techniques are those that are used to identify 
types of emission sources, that is, thermogenic, microbial and pyrogenic. These 
techniques can be based on the evaluation of concurrent species emissions, isotopic 
measurements or the use of spatial data to understand an emission point with addi-
tional data like wind direction. These techniques can be further used to understand 
the contribution of different sources in a plume, which refer to the apportionment of 
source emissions.

All in all, the efforts to frame actual methane emissions from the sources should 
finally lead to a decrease in its atmospheric abundance. These efforts can be catego-
rized into emission avoidance, destruction, capture, sequestration and utilization of 
this gas. Emission avoidance and destruction at the release points are the efforts that 
can be made to directly reduce emissions from activities.

1.8  Methane emissions avoidance and destruction (emission reduction), capture, 
sequestration and utilization

Rising atmospheric methane abundance imposes strong challenges in achieving 
the goals of the Paris Agreement [54], and rapid and impactful actions are required to 
reduce and eliminate the additional atmospheric abundance of this molecule. These 
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efforts can be in reducing emissions from sources through (I) emission avoidance 
actions like leak repairs, (II) stoppage of flaring or producing products from the flare 
gas instead of spewing into the atmosphere, (III) destructing the emissions at the 
release points and (IV) capturing atmospheric methane for requestion and utilization 
activities. The latter is currently in the research phase.

Methane emissions can be either reduced through avoidance through the repair 
of emissions points or by destruction if engineering procedures allow. There can be 
several sources of methane emissions from natural gas systems throughout the supply 
chain, for example, at wellheads, during transmission lines, at venting stacks, leaks 
at urban gas networks. The practices, together or individually, can result in methane 
emission reduction throughout the supply chain.

Methane can be released from natural gas systems upstream, midstream and 
downstream of the supply chain. Contribution of methane emissions from different 
parts of these systems depends on a variety of parameters, including infrastructure 
age, material, maintenance, etc. Although methane emissions from oil systems 
significantly contribute to total emissions from fossil fuel exploitations, here the focus 
is on the methane emissions from natural gas systems.

2.  Methane emission measurement methods

There is not a single magical measurement solution. There can be a large number 
of traditional and innovative solutions that can be offered to measure from an emis-
sion source [27]. Because currently there are a large number of technologies in instru-
mentation, different platforms that can be used for mounting the instruments, and 
a wide range of emission sources exist at a variety of spatial scales, geographic and 
physical conditions [53]. It is important to know that a single method is not enough 
and most of the times integration of several methods brings best solution in our 
understanding of emission sources.

Currently, it is widely accepted that direct methane emission measurements are the 
best practice to enlighten the amount of methane released into the atmosphere and speed 
up the mitigation process. It is also widely accepted at the industry, academia and policy 
levels that to accelerate decarbonization from the energy sector, which includes natural 
gas operations, and emissions from the bigger emitters should be reduced or eliminated 
first in the best practice. Hence, detection and quantification of methane emissions from 
the gas leaks in the natural gas systems should be implemented to properly inventory the 
leak locations and their emission strengths for mitigation. In the later part of this chapter, 
mitigations will be discussed where mainly two practices are introduced: (I) emissions 
avoidance and (II) emissions destruction. Methane capture can be of use later, which is 
currently in the research phase with challenges to realistically provide large-scale methane 
capture either at the emitting source or from ambient air.

Selection of methane emission measurement methods, platforms and instru-
ments is highly and mainly dependent on the (I) geospatial location and (II) physical 
conditions of the emitting target, (III) meteorological conditions and (IV) first-order 
estimate of the target’s emission strength.

i. Geospatial location: Some emitting targets are hard to access or receive flight 
permits for the implementation of ground- or airborne-based techniques. It is 
possible that data retrieval from satellite may not possible, due to location of 
sources, for example, offshore, or cloud covers.
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ii. Physical conditions: Although some methods are applicable to be performed for 
one source, those are not suitable for another one. For example, one method can 
be applied for a vent stack, while it is not possible to implement the same method 
for gas leaks from natural gas distribution networks in urban areas.

iii. Meteorological conditions: Some methods are limited to meteorological conditions 
including wind conditions and wind speed. For example, during unfavorable 
wind direction, a measurement platform cannot detect any signal from an emit-
ting point. Moreover, low wind or very high wind speeds can be unfavorable for 
some techniques or result in high emission quantification uncertainties.

iv. First-order estimate of target’s emission strength: Some techniques are not capable 
of detecting and/or quantifying certain emitting targets if they are below detec-
tion and/or quantifying limits. This also depends on the distance and sometimes 
on the meteorological conditions. A strong source may not be detectable from a 
large distance due to large atmospheric dilution between the source and meas-
urement point. A source may be detectable under certain wind conditions but it 
cannot be quantified if for example wind speed is less than a certain limit (e.g., 
2 m s−1) for TD quantifying methods.

2.1 Methane emission measurements at various spatial scales

Measurement techniques can be applied at the source-, site- or regional level. 
Site-level emissions are defined as total emissions from all of the source-level emitting 
targets in terms of number of sources and emission strength. Similarly, regional level 
refers to normally a large region, in scale of km * km, which includes several sites or 
tens of wellheads. At a very large scale, the regional level can be referred to as emis-
sions at the size of a country.

A natural gas wellhead, a separator, collection points, transmission and distri-
bution lines, compressor stations, and a tank are examples of emitting sources. A 
petrochemical plant or refinery can be considered a bigger site in which tens, hun-
dreds or thousands of sources can exist. A hydrocarbon basin can be considered a very 
large-scale emitting target.

2.2 Leak detection and repair (LDAR) program

Historically, natural gas companies are required to monitor gas leaks in urban 
areas to ensure safe operations. With new regulations, such as the EU methane 
regulations, these companies who operate in the EU or export natural gas to the EU 
are required to perform quantification of methane emission within their operation, 
meet certain criteria, followed by emission reduction over time. For example, the 
Leak Detection and Repair program [55] is a widely used term among natural gas 
companies to monitor sites or natural gas distribution networks to detect emission 
points and repair the loss, which results in lowering emissions over time. The overall 
emissions from data collected based on the LDAR system can be estimated using 
generic factors. Although there are several criticisms about the use of the generic 
factors, which can result in underestimation of overall emissions reported in inven-
tories, relative emission estimates based on these generic factors showed a decrease 
in emissions after the implementation of the LDAR program [56]. Flame Ionization 
Detector (FID) or Optical Gas Imaging (OGI) cameras are those commonly used 
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devices in the LDAR program. FIDs, always connected to a probe, can be used directly 
next to possible emission points in a facility and the operators who hold the FIDs with 
the probe can walk over buried pipelines. The latter is known as the carpet method. 
Recently, new technologies have been integrated within the OGI cameras and trans-
formed them into Quantitative Gas Imaging (QOGI) cameras. These cameras can be 
operated either as handheld or stationary for continuous monitoring. In addition to 
the LDAR program, if certain criteria are met, the QOGI cameras can also be used for 
quantification purposes. Not to mention that trained canines were/are used to detect 
and localize emission points.

The canines are trained to find emission points of odorants added to natural gas, 
which are also the locations of methane-emitting points. This can be considered as 
an indirect methane emission localization practice. The manufactured instruments 
are either based on the detection of a whole range of Volatile Organic Compounds 
(VOCs) or methane-specific. The VOC-specific devices can be used to detect methane 
emission points knowing that methane is also included in the composition. These 
are devices to be used for semi-direct methane emission measurements. The methane-
specific instruments, in situ or optical or other technologies, provide direct methane 
emission measurements.

2.3  Measurement instruments and platforms for emission detection and 
quantification

Traditionally, natural gas leaks in facilities were detected by humans using, for 
example, handheld FIDs, optical imaging, acoustic leak detection or soap bubble 
detection. These methods are still in use. However, automatic leak detection opera-
tions have been in operation recently, for example, with the use of stationary in situ 
measurements or optical surveys with backend algorithms based on artificial intel-
ligence and machine learning [57, 58]. Automatic gas leak detection can also be based 
on an automatic drone-based platform [59].

Instruments can be installed onboard vehicles, ships, drones, helicopters, 
planes, or satellites or used as handheld or on poles, tripods, etc. Basically, with 
current technologies, depending on (I) the type of the instrument, (II) the way 
those are designed and used and (III) the type of emission sources, a variety of 
platforms can be used.

Among the instruments and platforms, stationary instruments (e.g., fixed sensors, 
ground-based remote sensing, OGIs and QOGIs) are considered as tools for continu-
ous monitoring, and relatively speaking, satellites are considered for semi-continuous 
monitoring, daily, weekly or monthly depending on satellites’ temporal resolutions. 
It is worth noting that the OGI and QOGI cameras can be also used as an handheld 
instrument and are not always stationary. More frequent satellite-based data will 
be publicly and/or commercially available with current and planned regional and 
target-based satellites. With current technologies, Landsat 8 [60], Sentinle 2B [61], 
TROPOMI [62, 63], PRISMA [64], GHGsat constellation satellites [65], MethaneSat 
[66] and Carbon Mapper [67] are leading satellites in terms of space-borne measure-
ments. These satellites have different revisit times, spatial resolutions, detection and 
quantification thresholds. However, they can be used solely or together to map and 
quantify emission points, areas or regions.

Vehicles, drones, helicopters, planes and ships are generally used for detection 
and quantification purposes. These methods generally have better detection and 
quantification thresholds, are more precise and require a higher labor force relative to 
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stationary and satellite-based platforms. Not to repeat the detection and quantifica-
tion threshold is highly dependent on several factors, including distance and strength 
of emission points, etc.

2.3.1 Vehicle-based measurements

Vehicle-based methods are mostly considered measurement TD approaches. 
Among these techniques, it is possible to mention the tracer method [68, 69], the 
Gaussian plume dispersion method [70], Other Test Method 33a (OTM-33a) [70, 
71], urban leak detection and quantification methods [72, 73]. These methods can 
be performed in motion, that is, mobile methods, like urban leak detection and 
quantification method, or stationary like OTM-33a, or performed in either mobile or 
stationary depending on the situation like the tracer method [74]. Trucks can also be 
used to measure emissions where larger labs are required to move from one location 
to another to perform either mobile or stationary measurements. For example, the 
tracer method, Differential Absorption Lidar (DIAL) method [75], or suction method 
[76] can be performed using trucks. While the first two truck-based methods are 
considered a measurement TD approach, the latter is a measurement BU approach as it 
is designed to fully capture emissions of gas leaks from a buried pipeline and trans-
late them to emission rates. Some of these methods can also be applied using other 
platforms, like helicopter-based DIAL measurements [77] or tracer method using 
drone-based measurements, while the suction method can only be applied using 
vehicle-based measurements.

2.3.2 Ship-based measurements

Ships are another platform where instruments can be installed and used for 
offshore measurements. The ships can circle around or zigzag downwind offshore 
production platforms, which can be used for both detection and quantification 
purposes using research vessels or cargo ships [78–80]. The use of research vessels has 
value in designated places that are already available in the vessels, including dry and 
wet labs but are more expensive to operate compared to cargo ships, which can either 
be rented for a measurement purpose or can perform measurements and sampling 
while in normal goods transportation operation. These measurements can be related 
directly to natural gas operations, or characterizing natural emissions [81, 82], which 
can possibly have thermogenic sources and increased due to warmer climate, which 
means positive climate feedback, as with higher atmospheric temperature (Figure 1) 
results in higher water body temperature, and hence increase in seabed methane flux. 
The ship-based measurement methods are within the measurement TD approach. 
These methods are useful for methane emission characterization from offshore 
natural gas activities and methane emissions from natural sources.

2.3.3 Airborne measurements

Airborne methane emission measurements include the use of drones [25, 
83–86], helicopters [25, 77, 87, 88] and aircraft [36, 89–93] in detecting and 
quantifying the emissions from offshore and onshore sources. These techniques 
can be applied to various sources and not only to natural gas systems as the core 
basics of the techniques are the same and adjustable. Further developments, like 
the automated pipeline gas leak detection concept, can be an innovative way to 
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save resources [59]. The use of tens or hundreds of drones, swarm drones, in the 
process of in situ or open-path measurements can be another innovative idea to 
quantify large-sized and/or large-scale sources. The airborne measurements are 
considered within the measurement TD approach. The airborne measurements are 
useful for the application of emission characterization for both onshore and off-
shore sources. Drones have less battery span relative to flights of helicopters and 
aircraft, but drones can fly closer to the sources and be used for smaller sources. 
The helicopter and airborne platforms have the advantage in carrying heavier and 
more precise instruments.

2.3.4 Satellite measurements

Regional methane emissions can be studied using satellites with large spatial 
resolutions like Sentinel-5P/TROPOMI, which can be used for emission measurement 
of large areas [94, 95] or sources with very large emission rates [96]. Target-focused 
satellites can be implemented in detecting and quantifying methane emissions from 
sources in smaller spatial scales within a region onshore and offshore [97–100]. The 
satellites with large spatial resolutions can be integrated with the target-based satel-
lites to confine emissions sources and their temporal resolutions. The combination 
of large-scale sensors with target-based satellites can be used to understand methane 
emissions from a source from the beginning until it is fixed or repaired below the 
emission detection threshold of satellite sensors [96]. Another advantage of these 
combinations is the availability of data from several sensors to cover more days when 
the emission is happening as the satellites may not pass on the same spot every day or 
the data do not pass quality checks due to, for example, cloud covers.

Currently, satellite measurements from a variety of sensors are used for the 
individuals and stakeholders who have possibilities in addressing the emission reduc-
tion efforts through the MARS program via the IMEO data portal [101]. Moreover, 
for research purposes, commercial satellite imageries can be accessible to researchers 
through the European Space Agency (ESA) website [102].

Satellite imageries generate large amounts of data continuously, and with the 
developments of the next generation of satellites, the database becomes extraor-
dinarily large. This calls for the automatic detection of plumes [103], which can be 
further studied in detail and integrated with ground-based measurements.

2.3.5 Ground-based remote sensing: Total column measurements

Total column measurements are another type of technique that is used for quanti-
fying total emissions from a strong source [104–106] or large cities [107, 108] or basin. 
Munich Column Carbon Monitoring network (MUCCnet) is an integrated autono-
mous monitoring network in which total column measurements play a crucial role 
[109]. The total column measurements can be used for assessing methane and associ-
ated emissions like ethane from oil and gas activities [110]. Mobile in situ measure-
ments together with total column measurements can be used to quantify, attribute 
and geo-locate emissions from large festivals in which most of the emissions could be 
attributed to incomplete combustion and leaks of natural gas within the boundary of 
the Oktoberfest festival [111, 112]. Ground-based remote sensing can also be used to 
validate satellite-measured concentration gradients [113] and to better understand the 
accuracy of emission assessments using satellites.
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2.4 Emission attribution and apportionment methods

Naturally, methane molecules are produced in several processes. How a mol-
ecule of methane is formed leaves a signature on the molecule. These signatures 
can be generally classified into three genetic categories: (a) biogenic, (b) thermo-
genic and (c) pyrogenic. Finding out the origin of methane molecule formation 
and its process is called methane emission attribution. With the determination of 
this signature, we can understand how the molecule was generated and, therefore, 
which sector the emissions belong to. The attribution process can be accomplished 
mainly with three methods individually or together to gain higher certainty and/
or confirmation in the attribution process: (I) measurements of methane isotopes: 
carbon, δ13C, and/or hydrogen, deuterium δD, (II) determination of presence or 
absence of certain other molecules in methane plumes and (III) use of geographi-
cal information.

2.4.1 Use of isotopes

Wet natural gas, accompanied with higher C2+ contents (hydrocarbons with mul-
tiple carbon atoms), intends to be depleted in δD ranging from −260 to −150%, while 
dry natural gas is enriched in deuterium (−180 to −130%.) [114]. While separation 
of genetic signatures may not be possible in a single graph, δ13CδD graph has shown 
separation between different samples in several studies [115].

2.4.2 Presence or absence of other gases

Ethane is the second most abundant gas in natural gas, which is normally mea-
sured to attribute detected methane plumes to emissions from natural gas systems. 
While at the production site, the ethane: methane (C2:C1) ratio is not very fixed, in 
natural gas distribution networks in urban areas the C2:C1 ratio is usually less than 
10%. The natural gas distributors should abide by national standards in which the 
range of this ratio is determined and varies from country to country.

While natural gas distribution leaks can be detected by simultaneous measure-
ments of methane and ethane, incomplete natural gas combustion can result in the 
presence of methane and ethane together with carbon dioxide [116], which can be a 
way to attribute emissions from incomplete combustion sources [117].

2.4.3 Use of geographical information

There are cases where several different sources, either within the same or different 
genetic categories, can be spatially geolocated.

In the most convenient case, a single source exists, which can be considered the 
methane emission source for the detected plumes, for example, a single natural gas 
wellhead in a remote area. In this case, the attribution does not necessarily require 
measurements of isotopes or possible concurrent gases.

In a more complex case, several sources are present but within the same genetic 
source, for example, several natural gas wellheads in a gas park. In this case, we 
know that all emissions are thermogenic but can possibly be from several sources, 
which require further investigation to properly localize emission source (s) within 
a cluster.
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In the most complicated case, there are several sources from different genetic 
classes that are spatially clustered in a close spatial proximity. In this case, the attribu-
tion of the plume(s) detected in measurement TD surveys required the integration 
of several analyses. For example, if a natural gas wellhead is in close proximity to a 
biomethane site and an agricultural farmland, plumes detected in measurement TD 
surveys may require analyses of, for example, wind direction, isotopes, presence, or 
absence of other gases. For example, isotopic analyses from airborne measurements 
give mean representative values of all emitting sources in a large region, which can 
be used to find out the contribution of sources to the total emission, that is, emission 
apportionment [118].

The geographical locations of emitting sources can be based on inventories, field 
observations or satellite/airborne optical imageries. It is possible that the emissions 
from production platforms are not included in inventories [79]. The locations derived 
from satellite or airborne imageries can be either recognized manually through eye-
ball observations or through deep machine learning [119]. The dataset derived from 
satellite or airborne imageries through machine learning can be useful for recognizing 
well pads or facilities that generate a pattern to detect. Moreover, there can be millions 
of abandoned natural gas and oil wells in a country, which are not pinned or, at the 
moment, not visible remotely due to natural coverage. These abandoned wells and 
belonging facilities are hard to find even in on-ground surveys. It is reported that the 
abandoned wells can be magnetically located using magnetometer of a smartphone 
and drone [120].

2.5 Measurement uncertainty

Uncertainty associated with measurements holds no less value than measure-
ment itself. Sources of uncertainties are required to be accounted for properly. 
Quantification methods should be applied during favorable conditions, proper 
instruments should be used, operators need to pay attention to the details and 
several measurements can be applied to reduce the overall uncertainty. With 
current technologies, the uncertainty of emissions quantification is less or the 
least influenced by the instrument precisions. Controlled situations can be 
studied to understand the sources of uncertainties and reduce or eliminate them 
to obtain the best measurement practice in real-world conditions [121], as well as 
to introduce new methods to quantify uncertainty for very low-emitting sources 
[122]. Furthermore, the measurement uncertainties can be reduced with the 
use of machine learning techniques [123]. Controlled release experiments are 
another way to investigate emission quantification uncertainties [124]. The way, 
a controlled release experiment is conducted should be adjusted based on the 
instruments used, platforms instruments are mounted on and sources from which 
further investigations are meant to be quantified.

2.6 Measurement campaign planning

Methane emissions from natural gas systems can occur onshore and offshore from 
all streams of the system. This brings a large number of conditions, uncertainty, logis-
tics, safety considerations, instrument availabilities and capability checks, personnel 
readiness, measurement deployment permissions (if required), etc., to properly 
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implement a successful campaign to obtain high-quality field data. There have been 
several coordinated large and small campaigns to investigate methane emissions from 
the supply chain. Weather simulations and historical weather data can be used to 
find the most suitable campaign planning time openings. For large-scale campaigns, 
the time for planning needs to be large enough as other scheduling and planning 
are involved. To fine-tune the measurements in the time window determined, the 
daily preparation for the campaign can then be determined using weather prediction 
day(s) close to the execution of measurements. Optimization of measurements can 
also be dependent on other unpredictable or sudden incidents, such as a pandemic 
outbreak or instrument failure.

Methane emissions can be episodic [36, 125, 126] within the supply chain and to 
get a good picture of annual emissions from operations, this needs to be accounted 
for, that is, addressing the source of over/underestimations during snapshot mea-
surements [126]. These snapshot measurements, which are sampled from emitting 
locations, are used for extrapolations spatially and temporally. It is not only important 
to sample properly in the first hand in order to get good representativeness of the 
population, the samplings are required to be extrapolated with the right methods 
temporally and spatially [127].

Emissions from sources vary significantly over time and space [26]. This 
variability poses challenges for accurately assembling emission quantifications 
in national inventories. Incorporating diverse sources into the inventory process 
helps account for the temporal variability of emissions, which can further explain 
discrepancies between measurement-based quantifications using TD and BU 
estimates [128].

3.  Emissions from supply chain

Many studies have been performed around the globe to understand methane 
emissions from the O&G supply chain worldwide [129]. The more measurements 
performed, the more they enlighten emissions from sources across the supply 
chain. Methane emissions can be observed from the production sites, including 
flaring [130–132], natural gas processing and gathering [43, 133–135], distribution-
transmissions [136–138], end users mostly in cities from distribution networks [139], 
cars, homes, regulators, furnaces, etc. [116, 140–151]. All these sources contribute 
partially to the total emission and relevant mitigations including repair actions can 
be done. In another study, it has been shown that the low production sites contribute 
on average about half (37—75%) of the total O&G methane-related emissions in the 
US, while these sites contribute 6% to the total O&G production in the country [152]. 
This shows that these sources can provide great opportunities for mitigation points. 
Although abandoned O&G wells are not contributing to the supply chain, their emis-
sions are unknown or may not be counted in the inventories, and their emissions are 
the most uncertain source from the past activities and their numbers are increasing 
over time [153]. This shows that these sources can further increase methane emis-
sions from past activities, and emission mitigation from the abandoned O&G wells 
can be a target.

Emissions from the supply chain can be either continuous or episodic. 
Incidents in which a rupture or a blow-out happens are among the episodic 
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emissions, which can have very large emissions in a short time. On the 26th 
of September 2022, one of the largest incidents happened offshore for the 
Nordstream pipeline. This incident was in a short time but released a large amount 
of methane at the time [154–157]. The cumulative sum of these incidents can 
account for a large contribution to the total emissions from natural gas activities, 
and it was estimated that the emissions from the Nordstream pipeline incident 
were 0.1% of all anthropogenic methane emissions in the year 2022 [158, 159]. 
Meanwhile, it is possible that these incidents may not be accounted for, as repair 
of the leaks has higher priorities than quantification. The most recent blowouts, 
which were studied by several satellite observations, show very large emissions 
(20–50 t-CH4 hr.−1) over the course of 205 days [96].

4.  Methane emission mitigation: Avoidance, destruction and/or removal

Companies are acting actively to find the best solution to offset their carbon 
footprint, in which practical and operational solutions with considerable resources 
needed are undeniable. In order to decrease the atmospheric methane abundance and 
decarbonize industries, several pathways can be taken, which fall into (I) emission 
reduction at the sources, (II) atmospheric methane capture and removal, (III) atmo-
spheric methane destruction and (IV) replace methane-emitting sources with green 
solutions like transiting from use of fossil fuel to renewable sources in the energy 
sector. These efforts fall into two main categories: (I) emissions prevention and (II) 
reduce or eliminate carbon footprints of activities. There have been several long-term 
and deep discussions and debates on how to proceed productively without using more 
resources to save less and avoid greenwashing.

Methane emission reduction at the sources can be done, for example, through 
the repair of leaks via the LDAR program or replacements of leaky components and 
pipelines. The emission reduction can also be done through a change of process and 
use of wasted emissions, for example, from flares and vents, which can have economi-
cal benefits [160]. It should be noted that emissions from past activities that are not 
anymore in the supply chain should also be taken into account, for example, from 
abandoned wells.

Atmospheric methane capture [161] requires the development of technologies to 
capture and remove methane molecules at the emitting sources or from ambient air. A 
low abundance of ambient methane is a challenge to achieving the goals of this tech-
nology. It should also be noted that this process should have fewer carbon footprints 
compared to the carbon equivalent captured and removed [162].

Atmospheric methane destruction can be done through geo-engineering, for 
example, the use of chlorine to destruct ambient methane molecules [163, 164]. 
This process can on paper reduce atmospheric methane abundance by increasing the 
oxidation process. However, care must be taken during the geoengineering activities, 
and further studies are required.

The transition from the use of fossil fuels to renewable energy has been started 
for some time already. However, long-term dependency on fossil fuels, wide avail-
abilities and ease of extraction of fossil fuel resources, price fluctuations, challenges 
in financing the transition and societal impression are the barriers in the transition 
phase [165].

All these solutions have their advantages, disadvantages, ease and challenges, 
which, possibly all together with more weight on some, can have larger positive 
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impacts with less negative results. With consideration of current situations, it can 
be recommended to first implement emission reduction efforts, secondly on energy 
transition and thirdly on developing technologies and techniques to capture, remove 
and destroy ambient methane.

Advancements in technologies, such as satellite-based measurements, can sig-
nificantly accelerate the detection of large emitters, which may arise from various 
sources. These advancements enable the rapid notification of stakeholders, facilitat-
ing swift actions to reduce or eliminate emissions, such as through initiatives like 
the MARS program of UNEP-IMEO. Satellite technology generates vast amounts of 
data per satellite in real time, which can be efficiently processed and analyzed using 
AI-based approaches. Identifying emission sources is the first critical step toward 
achieving mitigation. However, the subsequent step—collaboration from operators to 
implement mitigation measures, such as repairing or replacing equipment at emission 
sources—remains underdeveloped [166].

Delays or failures in emission mitigation efforts can stem from various factors, 
including: (I) lack of mitigation policies in certain countries, (II) low prioritization 
of emission mitigation, (III) insufficient funding and/or human resources dedi-
cated to mitigation, (IV) difficult access to emission points, (V) restricted access 
to technologies due to sanctions or financial constraints, (VI) reliance on outdated 
infrastructure, (VII) infrequent maintenance practices, (VIII) prolonged bureau-
cratic processes within the responsible operators, (IX) technical barriers arising from 
initial operational designs, such as the need for fundamental changes in operations 
to mitigate flare gases, (X) geopolitical conflicts that exacerbate the aforementioned 
challenges and (XI) political mindsets that delay or resist the implementation of 
environmental actions.

5.  Methane emissions and geopolitical conditions and politicizing of 
environmental endeavors

At the current state of global warming (Figure 1), it can be seen that the global 
mean temperature is on the rise relative to past years, which has resulted in several 
extreme events in the climate change framework. This shows that extensive, rapid 
and in-depth actions are required to be implemented to avoid further increases in the 
context of sustainable developments.

While methane release at a point dilutes in the atmosphere and circles around 
the globe without considering the borders, geopolitical conflicts that are bound to 
the borders can lead to a halt and/or slowdown in addressing the emissions, global 
warming and climate change and even can result in increase in emissions [167, 168]. 
This shows that care and attentions are required to put forward in the context of 
international relationships, which is a necessity for everyone.

5.1 Exploitation of natural resources for domestic economic development

The management of natural resources, such as water, has been extensively studied 
through game theory, which demonstrates how systematic thinking or individual-
benefit thinking among stakeholders can harm the collective benefits of a system 
[169]. In this context, the “system” is the atmosphere, and stakeholders’ actions 
significantly impact the emissions contributing to the atmospheric abundance 
of GHGs. Although the exploitation of natural resources may provide individual 
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benefits as suggested by game theory, it often exacerbates emissions and global warm-
ing, thereby damaging the system (Figure 1).

5.2 Geopolitical conflicts and politicization of environmental regulations

Two critical factors—geopolitical conflicts and the politicization of environmental 
regulations—can delay or obstruct emission mitigation efforts, or even exacerbate 
emissions. These factors can lead to: (I) deprioritization of environmental consid-
erations, (II) changes in mitigation regulations, (III) negative impacts on mitiga-
tion dialogs, (IV) reductions in domestic budgets for sustainable development and 
research, (V) restricted access to mitigation technologies due to sanctions or financial 
constraints, particularly when technologies are labeled as dual purpose (environmen-
tal and military use), (VI) increased reliance on carbon-intensive energy production, 
(VII) demolition of infrastructure, requiring rebuilding that generates additional 
emissions, and (VIII) loss of human lives [170], which deprives societies of critical 
resources for advancing sustainable development.

5.2.1 Politicizing environmental endeavors and domestic emissions

For example, binding environmental policies to presidential cabinet changes can:
(I) result in new regulations that may take time to develop, potentially increasing 

emissions during the transition period, and (II) lead to elevated emissions in subse-
quent years [171].

Similarly, domestic budget cuts can negatively impact sustainable development 
efforts, including emission mitigation [172]. Budget reductions can also affect higher 
education, which is fundamental to advancing our understanding of Earth systems 
and accelerating mitigation efforts [173]. Moreover, the construction of new carbon-
intensive power plants can significantly increase a country’s overall emissions [174].

5.2.2 Sanctions and domestic emissions

The impact of sanctions on domestic emissions in the energy sector can vary based 
on whether a country is a producer or importer of fossil fuels. Sanctions targeting fos-
sil fuel industries, banking systems, or dual-purpose technologies can be categorized 
as follows:

a. Fossil fuel-producing countries for domestic use

Sanctions on these countries often result in a focus on exploiting fossil fuel 
resources, with environmental factors deprioritized. Over time, limited access to 
technologies and funds may degrade the energy supply chain’s quality, increasing 
emissions.

b. Fossil fuel-producing countries for export

For these countries, a fossil fuel-based economy is heavily reliant on exports. 
Sanctions can reduce export revenues, leading to lower budget allocations for emis-
sion mitigation. Additionally, production levels may be reduced, or operations may 
continue at levels that generate excess emissions, as surplus fuel can no longer be 
exported.
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c. Non-producing fossil fuel countries and importers of fossil fuels

The economic impact of sanctions on these countries depends on their reliance on 
fossil fuels for domestic energy. In severe cases, economic burdens may deprioritize 
environmental actions, even if such measures were previously in place. Some coun-
tries may shift to renewable energy sources based on domestic knowledge, which can 
have a positive impact.

d. Non-producing fossil fuel countries and non-importers of fossil fuels

For countries that rely on alternative energy sources, sanctions on fossil fuels may 
not directly increase emissions. However, broader impacts on the global economy 
could still indirectly affect their environmental efforts.

6.  Recommendations

To facilitate emission mitigation, it is essential to address the gaps identified, 
which can be categorized into (I) knowledge gaps, (II) technology gaps and (III) 
policy gaps.

6.1 Knowledge gaps

Knowledge gaps can be addressed by implementing and continuing extensive 
measurement-based campaigns, particularly in under-studied countries and 
regions, and releasing the results in open-access publications. Conducting further 
snapshot measurements and continuous monitoring can be highly beneficial in 
filling these gaps. Cooperation from operators in providing transparent informa-
tion and taking appropriate actions when notified about an emitter can also be 
invaluable.

6.2 Technology gaps

While current technologies are sufficient to detect and quantify large emit-
ters, accessing these technologies remains a limiting factor for stakeholders due to 
financial constraints or sanctions. Access to these technologies should be facili-
tated through funding agencies, and relevant technology transfer opportunities 
should be provided. Further technological developments should focus on reducing 
costs and uncertainty ranges, making these developed technologies more acces-
sible to all countries.

6.3 Policy gaps

Emission mitigation policies should be clearly depoliticized, emphasizing that 
emission reduction is vital for the overall benefit of the atmosphere. Policies should 
not be subject to government changes but rather progressively improved to reduce 
emissions consistently over time. The carbon footprint of geopolitical conflicts 
(violent or non-violent) should also be considered for accountable actions, as these 
conflicts can lead to increased GHG emissions and contribute to the rise in global 
mean temperatures (Figure 1).
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7.  Conclusion

Natural gas systems have been considered as a bridging solution toward the use 
of a sustainable energy supply. However, the current state of methane emissions 
from these systems can impose negative impacts on this bridging solution. To 
understand the situation, extensive, coordinated measurement-based campaigns 
are required to enlighten further. Methane regulations are of necessity to be scaled 
to several sectors and countries to minimize the emissions to the lowest. With 
the current state of technologies, it is possible to reduce emissions at the emit-
ting points, which have environmental, financial and societal positive impacts. 
Further technological developments can possibly be an option to lower atmo-
spheric methane abundance, which requires special cares due to the side effects. 
Mitigation actions are required to be implemented at the earliest time possible, 
and politicization of environmental endeavours specifically with regards to emis-
sion mitigation efforts and geo-political conditions slow down these efforts and/
or increase emissions, which has negative impacts on everyone around the globe.
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Chapter 2

Perspective Chapter: 
Environmental Impact and Carbon 
Management Strategies within 
Natural Gas Production
Parinaz Soleimani and Ehsan Hakimi

Abstract

Recent advancements in natural gas production prioritize reducing methane 
emissions, enhancing carbon capture, and innovating flaring reduction techniques. 
Efforts by organizations like the International Energy Agency focus on converting 
unused gas into valuable products to mitigate emissions. Methane reduction benefits 
include lowering the greenhouse gas footprint, improving air quality, and protecting 
ecosystems. Regulatory compliance, economic benefits, and technological innovation 
are integral to carbon management strategies. Carbon capture and storage (CCS) 
is essential for mitigating CO2 emissions and supporting sustainable development. 
Innovative flaring reduction techniques also contribute to environmental sustainabil-
ity, resource conservation, and regulatory compliance. These industry innovations, 
combined with supportive policies such as regulatory frameworks and incentives, 
drive substantial reductions in greenhouse gas emissions and promote economic 
feasibility. This collaborative approach facilitates the transition to a sustainable energy 
future, supported by public-private partnerships that enhance the development and 
deployment of innovative solutions, aligned with global emission reduction goals.

Keywords: environmental impact, carbon capture and storage (CCS), methane 
emission, flaring reduction, industry innovation, policy, greenhouse gas emission

1.  Introduction

The global economy relies heavily on oil and gas resources (Figure 1). The first 
commercial natural gas well was drilled in Fredonia, New York, in 1821. By the late 
nineteenth and early twentieth centuries, advancements in pipeline technology 
facilitated the widespread distribution and use of natural gas for lighting and heating. 
The mid-twentieth century saw a significant expansion in natural gas infrastructure 
and consumption, driven by the development of long-distance pipelines and the 
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discovery of vast natural gas reserves. The 1970s energy crisis further emphasized the 
importance of natural gas as an alternative to oil, leading to increased exploration and 
production activities globally.  

 Natural gas is a vital component of the global energy mix, accounting for approxi-
mately 24% of the world’s energy consumption. It is favored for its relatively lower 
carbon dioxide emissions than coal and oil, making it a key transitional fuel in the 
shift toward cleaner energy sources. The flexibility and reliability of natural gas also 
support the integration of renewable energy into the power grid. 

 However, hydrocarbon exploitation projects can have significant impacts on the 
environment. Despite its advantages, natural gas production poses significant envi-
ronmental challenges [ 2 ]. Methane, the primary component of natural gas, is a potent 
greenhouse gas with a global warming potential approximately 25 times greater than 
carbon dioxide over 100 years. Methane emissions occur throughout the natural gas 
supply chain, from extraction to transportation and distribution. Additionally, flaring 
and venting contribute to air pollution and resource wastage. 

 The environmental impact of natural gas production began to garner attention in 
the latter half of the twentieth century. Early concerns focused primarily on air and 
water pollution, as well as land disturbance caused by drilling activities. The Clean 
Air Act of 1970 in the United States marked one of the first major regulatory efforts to 
address air pollution from industrial sources, including natural gas production. The 
1980s and 1990s saw the introduction of more stringent environmental regulations to 
reduce emissions from the energy sector. The Clean Water Act, enacted in 1972, and 
subsequent amendments played a crucial role in regulating the discharge of pollutants 
into water bodies. During this period, the concept of environmental impact assess-
ments (EIA) became integral to the planning and approval process for new natural 
gas projects. 

 The turn of the twenty-first century brought increased awareness of climate 
change and the role of greenhouse gases (GHGs) in global warming. Methane emis-
sions from natural gas production became a focal point due to methane’s high global 
warming potential. The Kyoto Protocol, adopted in 1997, set binding emission reduc-
tion targets for industrialized countries, further driving the need for effective carbon 
management strategies. 

 The evolution of carbon management strategies in natural gas production has 
been driven by the need to mitigate environmental impacts while ensuring economic 

  Figure 1.
  Fossil fuel consumption by fuel in the STEPS, 2000–2050 [ 1 ].          
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viability. Early efforts focused on regulatory compliance and reducing operational 
inefficiencies. Over time, technological advancements and growing awareness of 
climate change have led to more sophisticated approaches, including methane detec-
tion and capture technologies (CCS), and innovative flaring reduction techniques. 
These strategies reduce emissions and enhance resource efficiency and economic 
performance. In addition, in recent years, global warming and climate change have 
caused the world to take special notice of the GHGs and try to find the roots of them 
and find the best solutions for these problems.

2.  Recent advancements in methane emission reduction

Methane emissions make the second largest contribution to global greenhouse gas 
(GHG) radiative forcing, accounting for approximately 18%—not including indirect 
effects—compared to 75% from CO2 [3]. Methane emissions originate from natural 
sources (e.g., Wetlands, the oceans, termites), agriculture (e.g., cattle, rice fields), 
biogas, waste, and the incomplete combustion of fossil fuels [4]. Approximately 
10–15% of annual, global methane emissions arise from oil and gas supply chains and 
use [4].

Current efforts to mitigate methane emissions have led to significant advance-
ments, particularly in the gas industry. Key strategies in these efforts include:

• A leak detection and repair (LDAR) program,

• Improving venting and flaring practices,

• Upgrading equipment and infrastructure.

2.1 A leak detection and repair (LDAR) program

Leak detection and repair (LDAR) programs are designed to identify, quantify, 
and mitigate leaks of volatile organic compounds (VOCs), including methane, a 
potent greenhouse gas with a global warming potential many times higher than 
carbon dioxide over 20 years.

Traditionally, LDAR programs relied on manual inspections and portable moni-
toring devices to detect leaks. However, technological advancements have signifi-
cantly improved these efforts, making leak detection more efficient and accurate. 
Today, these programs use advanced technologies such as infrared cameras, drones, 
and satellite monitoring to detect methane leaks in infrastructure. Combining regular 
maintenance and rapid repair protocols with these advanced technologies has greatly 
reduced fugitive emissions and enhanced management practices.

Some of the notable technologies used in modern LDAR programs include:

• Infrared cameras: Infrared cameras, also known as optical gas imaging (OGI) 
cameras, are one of the most widely used technologies in modern LDAR pro-
grams. These devices can visualize methane leaks in real time by detecting the 
infrared radiation emitted by methane molecules. They are widely used for 
routine inspections and leak detection at production sites. These cameras are 
portable and can be used to scan large areas, making them particularly useful for 
on-site inspections in refineries, pipelines, and other industrial facilities.
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• Laser-based sensors: Tunable diode laser absorption spectroscopy (TDLAS) is 
a technique used to measure methane concentrations accurately. These sensors 
can be deployed on drones or installed in fixed locations to monitor emissions 
continuously.

• Satellite-based monitoring: Satellites equipped with hyperspectral imaging 
sensors can detect methane emissions from space. Programs like the European 
Space Agency’s Copernicus Sentinel-5P and Greenhouse Gases (GHGS) provide 
valuable data on large-scale methane emissions. This technology is particularly 
useful for tracking emissions in remote or politically sensitive areas where 
ground-based inspections are not feasible.

• Mobile leak detection units: These units are equipped with high-precision 
sensors and can be mounted on vehicles to conduct comprehensive surveys of 
methane leaks across production sites and pipelines.

2.2 Improving venting and flaring practices

In the oil and gas industry, venting and flaring are common practices used to man-
age excess gases that are either not economically viable to capture or pose a safety risk 
if allowed to accumulate. Venting involves the direct release of gas into the atmo-
sphere while flaring involves burning the gas, converting it into carbon dioxide (CO2) 
and water vapor. According to a recent assessment, flaring and venting waste 8% of 
global natural gas production annually, contribute 6% of global greenhouse gas emis-
sions, and disperse a range of other harmful pollutants. Upstream natural gas flaring 
includes operational and safety reasons and flaring for economic reasons. Flaring for 
operational and safety reasons is generally short term. The flaring of relatively large 
volumes of gas associated with oil production, either temporarily or long term, is the 
area that has generated the most concern among stakeholders [5].

Recent advancements have focused on converting flared gas into valuable products 
through technologies such as gas-to-liquids (GTL) and microchannel reactors [6, 7]. 
Here is a brief explanation of these technologies:

2.2.1 Gas-to-liquids (GTL)

This process converts captured methane into liquid fuels or chemicals through 
catalytic reactions, offering a valuable product while simultaneously reducing emis-
sions. The versatility of the output—ranging from diesel and jet fuel to lubricants and 
chemicals—enhances the effectiveness of gas-to-liquid (GTL) technology by creating 
multiple revenue streams.

Setting up GTL plants requires significant capital investment in infrastructure and 
technology. Operational costs also include the need for catalysts and energy to drive 
the conversion process. Setting up GTL is often economic when natural gas prices are 
low and there is a high demand for liquid fuels. GTL technology allows for monetizing 
stranded gas reserves that would otherwise be flared, converting them into transport-
able and commercially valuable products. It also has potential applications in produc-
ing chemicals and other industrial products.

This transformation is achieved through a chemical process known as Fischer-
Tropsch synthesis, which converts synthesis gas (a mixture of carbon monoxide and 
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hydrogen) into liquid hydrocarbons. Under optimized conditions, this process can 
achieve conversion efficiencies ranging from 60% to 70%. Companies like Shell and 
Sasol have developed large-scale GTL plants, demonstrating the commercial viability 
and environmental benefits of this technology.

The process involves a series of chemical reactions that convert synthesis gas into 
liquid hydrocarbon derivatives. These reactions take place in the presence of metal 
catalysts, typically at temperatures between 150°C and 300°C (300–570°F) and pres-
sures ranging from 15 to 500 psi, using a variety of catalysts (Table 1).

Product distributions are influenced by temperature, feed gas composition (H2/
CO), pressure, catalyst type, and catalyst composition. Fischer-Tropsch products 
are produced in four main steps: (i) synthesis gas generation, (ii) gas purification, 
(iii) Fischer-Tropsch synthesis, and (iv) product upgrading. Depending on the 
desired types and quantities of Fischer-Tropsch products, either low-temperature 
(200–240°C; 390–465°F) or high-temperature (300–350°C; 570–660°F) synthesis is 
used, utilizing either iron (Fe) or cobalt (Co) catalysts.

The required mixture of carbon monoxide and hydrogen (synthesis gas) is gener-
ated through a reaction involving gas, water steam, and oxygen at temperatures above 
900°C. The synthesis gas generation, coupled with Fischer-Tropsch hydrocarbon 
synthesis, forms a two-stage sequence of reactions that enables the production of 
liquid fuels like diesel and gasoline.

The Fischer-Tropsch synthesis process essentially builds carbon chains by attach-
ing methylene groups to a carbon chain. These reactions are highly exothermic, 
releasing a significant amount of heat. To maintain stable reaction conditions and 
prevent the formation of lower-boiling hydrocarbon derivatives, adequate cooling 
is essential. The total heat released by the reaction is approximately 25% of the heat 
of combustion of the synthesis gas, which sets a theoretical limit on the maximum 
efficiency of the Fischer-Tropsch process.

Catalysts play a crucial role in the Fischer-Tropsch process, with iron and cobalt 
being the most used. The choice of catalyst depends on the desired product spectrum 
and operating costs. Iron-based catalysts, for example, are used in all commercial 
Sasol Fischer-Tropsch reactors. Cobalt-based catalysts, known for their high conver-
sion rates at low temperatures, are not suitable for high-temperature applications due 
to excessive methane formation. Despite its high cost, cobalt is favored for maximum 
diesel production in a once-through process, and Sasol has developed cobalt catalysts 
that perform well in slurry phase processes.

Other catalysts, such as nickel-based and ruthenium-based options, also exhibit 
enough activity for commercial use. However, their practical applications are limited: 
ruthenium is scarce, and nickel, while highly active, produces too much methane and 
performs poorly at high pressures due to the formation of volatile carbonyls. This 
makes cobalt and iron the most practical choices for catalysts in GTL processes.

Catalyst Reaction type Products

Ni Methanation Methane, CH4

Cu/Cr/Zn oxide Methanol synthesis Methanol, CH3OH

Fe, Co Fischer-Tropsch synthesis Hydrocarbons, CnH2n+2

Table 1. 
Summary of the catalysts for the conversion of synthesis gas to products.
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Gas-to-liquids (GTL) technology has seen significant advancements in recent 
years, driven by the need to reduce flaring, such as improved catalysts and processes, 
which focus on developing more effective catalysts that increase conversion rates and 
selectivity toward desired liquid hydrocarbons. These new catalysts are designed to 
operate under milder conditions, reducing energy consumption and operational costs 
and higher-purity diesel, naphtha, and lubricants. These high-quality products meet 
stringent environmental regulations and market requirements, expanding the com-
mercial viability of GTL products [8].

The development of modular GTL plants has revolutionized the industry. These small-
scale, transportable plants can be deployed in remote locations, allowing for the economic 
conversion of associated gas that would otherwise be flared. Modular plants offer flexibil-
ity and scalability, making them ideal for onshore and offshore applications [9].

Also, integrating GTL technology with renewable energy sources such as solar 
and wind power has emerged as a promising approach to further reduce the carbon 
footprint of the process. This integration helps provide a steady and sustainable 
energy supply for GTL operations, enhancing the overall environmental benefits of 
the technology.

In addition, the adoption of digital technologies and automation in GTL plants 
has significantly improved operational efficiency and reliability. Advanced monitor-
ing and control systems enable real-time optimization of the GTL process, reducing 
downtime and maintenance costs. Digital twins and predictive analytics further 
enhance the performance and longevity of GTL facilities.

Finally, recent projects, such as the development of large-scale GTL plants by Shell 
and Sasol, have demonstrated the commercial viability of GTL technology. The ability 
to produce high-value products from natural gas enhances the economic attractive-
ness of GTL technology.

These innovations contribute to a more sustainable and profitable natural gas 
sector, aligning with global efforts to reduce greenhouse gas emissions and promote 
cleaner energy alternatives. It also greatly helps their ability to remain in the energy 
market and easily and quickly adapt to environmental and carbon management laws, 
policies, and standards.

2.2.2 Microchannel reactors

Microchannel reactors are compact devices that enhance the efficiency of chemical 
reactions by reducing the diffusion distances of reactants. These reactors can convert 
natural gas into various chemicals and fuels at lower temperatures and pressures com-
pared to traditional reactors. These reactors contain numerous parallel microchan-
nels, each with a diameter typically in the range of millimeters, which significantly 
increases the surface area-to-volume ratio. This enhancement leads to improved heat 
and mass transfer rates, enabling faster and more efficient chemical reactions.

The use of microchannel reactors in flare gas applications has shown promise in 
capturing and converting small volumes of gas at production sites, reducing emis-
sions, and creating value from what would otherwise be waste.

Recent advancements have focused on optimizing the design and scalability of 
these reactors. For instance, the numbering-up approach allows for the scaling of 
reaction output without expanding the reactor dimensions. By running multiple 
microchannel reactors in parallel within a single module, the overall production 
capacity can be increased while maintaining efficiency and control over reaction 
conditions.
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Furthermore, microchannel reactors are being integrated into small-scale and 
modular GTL plants. These plants are designed to be highly flexible and can be 
deployed in remote locations, making them ideal for capturing and converting flare 
gas at production sites. This modularity not only reduces transportation and installa-
tion costs but also allows for easy scalability based on the availability of gas.

Despite their advantages, microchannel reactors face several challenges. One 
major issue is the high initial cost associated with the development and deployment 
of these reactors. The precise fabrication of microchannels and the integration of 
advanced catalysts require significant investment.

Another challenge is the management of heat within microchannels. Given the 
high surface area-to-volume ratio, maintaining uniform temperature distribution 
is critical to prevent hotspots that could degrade catalysts or cause undesired side 
reactions. Advanced cooling systems and precise temperature control mechanisms are 
essential to address this issue.

Moreover, microchannel reactors’ long-term durability and maintenance in harsh 
operational environments pose additional challenges. Continuous research and devel-
opment are needed to enhance the robustness and lifespan of these reactors under 
varying conditions [10].

However, microchannel reactors offer several environmental benefits, particularly 
in reducing emissions from flaring. This helps mitigate climate change and transforms 
waste gas into valuable products, enhancing resource efficiency.

The high efficiency of microchannel reactors also translates into lower energy 
consumption compared to traditional reactors. Additionally, the compact design of 
these reactors minimizes land use and associated environmental disturbances.

2.2.3 Other innovations and technologies

Gas capture and utilization technologies have been developed to reduce flaring 
and its environmental impact. Flare Gas Recovery Systems (FGRS) capture gas that 
would otherwise be flared and repurpose it for power generation or re-injection 
into the production process. The U.S. Department of Energy (DOE) actively sup-
ports these innovations through funding and research initiatives aimed at reducing 
methane emissions and converting flared gas into commercially viable products [5]. 
Companies like Honeywell and Siemens offer commercially available FGRS solutions 
that have been successfully implemented in various oil and gas operations.

Improving operational efficiencies is another critical approach to reducing flaring. 
This involves better planning and coordination of drilling and production activities 
to ensure adequate gas takeaway capacity. Effective planning and coordination of 
drilling and production activities are essential for minimizing flaring. This involves 
scheduling well completions and production ramp-ups to coincide with the availabil-
ity of gas takeaway infrastructure, such as pipelines or processing facilities. By align-
ing production schedules with transportation capacity, operators can reduce instances 
where gas must be flared due to a lack of available infrastructure. For example, 
ExxonMobil’s initiatives in the Permian Basin have demonstrated that zero routine 
flaring is achievable through enhanced operational protocols, such as installing new 
capture equipment and ensuring wells are completed only when there is sufficient gas 
transportation infrastructure.

Utilization of gas compression and re-injection techniques is another method. It 
involves capturing associated gas at the wellhead, compressing it, and re-injecting it 
into the reservoir or a nearby formation for storage or enhanced oil recovery (EOR). 
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This method not only reduces flaring but also enhances oil production by maintaining 
reservoir pressure. Advanced compression technologies and high-capacity compres-
sors are critical for efficiently handling the volumes of gas produced during oil 
extraction.

Installing new equipment designed to capture and repurpose emissions is a proac-
tive approach to reducing flaring. This includes vapor recovery units (VRUs), which 
capture vapors from storage tanks and production facilities and redirect them for use 
in the production process or sale. Additionally, mobile gas processing units can be 
deployed to remote or temporary production sites to capture and process flared gas 
on-site, providing flexibility and reducing environmental impact.

2.3 Upgrading equipment and infrastructure

Retrofitting aging infrastructure with more efficient and low-emission equip-
ment is a critical strategy for reducing methane emissions in the oil and gas industry. 
However, the challenges and limitations associated with retrofitting, including high 
costs, technical complexity, and operational disruptions, must be carefully man-
aged to ensure the success of these efforts. As regulatory pressures increase and the 
economic benefits of emission reductions become more apparent, the adoption of 
retrofitting technologies is likely to grow, contributing to a more sustainable and 
environmentally responsible natural gas industry. Technologies such as advanced 
pneumatic controllers, compressors, new pipeline materials, and redesigning pipe-
lines offer significant potential for improving the environmental performance of gas 
operations. Here are more details of these methods:

• Pneumatic controllers, traditional pneumatic controllers, often use natural gas to 
power their operations, which can result in significant methane emissions if the 
gas is vented into the atmosphere. Retrofitting these controllers with low-emis-
sion or zero-emission alternatives, such as electric or instrument air-powered 
controllers, can drastically reduce methane emissions. These modern controllers 
operate with greater precision and reliability, further contributing to overall 
efficiency in gas management systems.

• Compressors can drastically cut methane emissions. Older compressor systems 
often suffer from leaks and inefficiencies that lead to methane emissions. 
Modifying these systems with modern compressors through improved seals, 
advanced materials, and more efficient operations controls designed to minimize 
fugitive emissions can reduce emissions.

• New materials, reconstructing existing pipelines with advanced materials such as 
composite materials or corrosion-resistant alloys, can significantly enhance their 
durability and leak resistance. These new materials are designed to withstand 
the harsh conditions often encountered in natural gas operations, such as high 
pressures, extreme temperatures, and corrosive environments.

• Designs for pipelines. For example, pipelines can be designed with thicker 
walls, more robust joints, and enhanced protective coatings to prevent corrosion 
and mechanical damage. Additionally, modern pipelines often include built-in 
sensors and monitoring systems that can detect pressure drops or changes in 
gas composition, which may indicate a leak. These design improvements make 
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pipelines more resilient to both internal and external stresses, thereby reducing 
the likelihood of methane emissions.

• Storage facilities, redesigning and modifying these facilities with modern, 
low-emission equipment such as high-performance seals and valves, can greatly 
reduce the risk of leaks. Additionally, the use of advanced monitoring systems 
that continuously track the integrity of storage facilities can help operators detect 
and address potential issues before they result in significant emissions.

3.  Methane capture and utilization technologies

Methane capture and utilization technologies involve capturing methane emis-
sions at various supply chain stages from wells to users and converting them into 
useful products such as liquefied natural gas (LNG) or chemicals. These technologies 
reduce emissions and provide economic benefits by creating additional revenue 
streams. These aspects of benefits could encourage industries to change their strate-
gies and try to achieve these technologies.

There are several technologies and techniques for capturing and utilizing meth-
ane. Key technologies and methods include vapor recovery units (VRUs), adsorption 
technologies, methane-to-liquids (MTL) technology (explained in Section 2.2.1), 
Biogas upgrading, Electrochemical conversion, and Biological methane conversion. 
Below is a concise explanation of each:

3.1 Vapor recovery units (VRUs)

They are crucial systems employed in the natural gas industry to manage and 
recover vapors that are released during the storage and processing of natural 
gas. The primary purpose of VRUs is to minimize the release of volatile organic 
compounds (VOCs) and other pollutants into the atmosphere, thereby reducing 
environmental impact and improving air quality. These units are designed to capture 
methane emissions from storage tanks and other equipment, which not only helps 
in reducing environmental pollution but also provides economic benefits by recov-
ering valuable hydrocarbons. The process involves drawing hydrocarbon vapors 
out of storage tanks, separating any condensed liquids, and then compressing and 
directing the vapors to sales lines or for on-site use. Key components of a VRU may 
include:

1. Vapor capture system: A system designed to collect vapors from the source.

2. Compressors: To increase the pressure of the captured vapors for further 
processing or transport.

3. Condensers: For cooling the vapors, which can lead to the condensation of 
recoverable liquids.

4. Storage tanks: For storing recovered liquids before they are returned to the system 
or further processed.

5. Control systems: To monitor and manage the operation of the VRU to ensure 
efficiency and safety.
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The environmental benefits of using vapor recovery units (VRUs) are significant. 
Primarily, VRUs contribute to the reduction of methane emissions, a potent green-
house gas, by capturing it from storage tanks and other sources in the natural gas 
industry. This process helps mitigate the impact of climate change. Additionally, VRUs 
control emissions of volatile organic compounds (VOCs) and hazardous air pollutants 
(HAPs), which are known to contribute to air pollution and can have adverse health 
effects. By reducing the release of these toxic contaminants, VRUs improve air quality 
and align with environmental compliance requirements. Furthermore, the recaptured 
vapors, rich in natural gas liquids (NGLs) and other hydrocarbons, can be repurposed 
as a fuel source, enhancing fuel efficiency and reducing the need for new fossil fuel 
extraction.

Also, vapor recovery units (VRUs) have a notable economic impact. Recovered 
gas can be redirected into sales lines or used on-site, which can lead to significant 
cost savings and additional revenue streams. The efficiency of VRUs in capturing 
about 95% of hydrocarbon vapors translates into a direct economic benefit, as these 
vapors are rich in natural gas liquids (NGLs) and have a higher heat content than 
pipeline-quality natural gas. Consequently, the use of VRUs can result in substantial 
returns, especially in markets where there is demand for the recovered, energy-rich 
vapors. Moreover, the relatively low cost of VRU technology compared to the value of 
the recovered gas makes it a financially sound investment for companies looking to 
enhance their operational efficiency and environmental stewardship. This technol-
ogy is relatively easy to integrate into existing facilities in the upstream, midstream, 
and downstream sectors of the oil and gas industry, and it can be designed to handle 
various types of hydrocarbons. The installation and maintenance processes are well-
understood and supported by numerous service providers.

The keys to cost-effective VRU projects are a steady source and adequate quantity 
of sources of vapors, along with an economic outlet for the collected products. The 
potential volume of vapors will depend on the makeup of the collection system and 
the quantity and types of sources it is connected to. Pipeline connection costs for 
routing vapors off-site should be considered when selecting sites for VRU installation.

3.2 Adsorption technologies

Advanced materials, such as activated carbon, zeolites, and metal-organic 
frameworks (MOFs), are being developed to adsorb methane at low concentrations, 
enabling its capture from dilute emission streams. These materials have high surface 
areas and can selectively adsorb methane at certain pressures and temperatures.

The process begins with the introduction of a gas mixture (e.g., natural gas or 
methane-rich biogas) into a vessel containing the adsorbent. Under appropriate 
conditions, methane molecules preferentially adhere to the adsorbent surface. Once 
the adsorbent reaches its capacity, the methane can be released (desorbed) by chang-
ing conditions (e.g., reducing pressure, increasing temperature) so it can be collected 
and utilized.

One of the most widely used adsorption technologies in gas separation is pressure 
swing adsorption (PSA), which takes advantage of changing pressure to alternate 
between adsorption and desorption cycles. It uses pressure changes to adsorb and 
desorb methane, making it a highly efficient method for continuous operation. This 
technology can efficiently separate methane from other gases like CO2, nitrogen, 
or hydrogen sulfide (like natural gas processing), enabling its capture and further 
utilization. It is highly scalable, making it suitable for small and large operations. It 
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can be implemented in small biogas plants to large natural gas processing facilities. 
The modular nature of adsorption systems allows for easy scaling up or down depend-
ing on the volume of gas to be processed. Additionally, adsorption systems can be 
designed to operate safely, with a lower risk of fire or explosion compared to other gas 
handling methods.

3.3 Biogas upgrading

Methane captured from anaerobic digestion processes at landfills or wastewater 
treatment plants can be upgraded to pipeline-quality natural gas using membrane 
separation or pressure swing adsorption (PSA) technologies.

Also, studying in this field led to the introduction of emerging technologies that 
offer promising solutions for methane emission reduction. Here are two of them:

3.3.1 Electrochemical conversion

Cutting-edge research focuses on electrochemical methods for converting meth-
ane into valuable chemicals at ambient temperatures. Metal oxide electrocatalysts, for 
example, have shown potential in efficiently transforming methane into methanol 
and other oxygenates. These processes can operate under mild conditions, offering a 
sustainable alternative to traditional high-temperature catalytic methods.

3.3.2 Biological methane conversion

Innovations in microbial and enzymatic pathways are being explored to biologi-
cally convert methane into methanol and other chemicals. These biological systems 
can potentially operate at lower energy costs and with higher specificity in contrast 
with conventional chemical processes.

Besides all the advantages and utilization of these technologies, there are still some 
significant challenges. One of the most important challenges is the cost of imple-
mentation of them. Most are still not commercial and not cost-effective for middle 
and small companies. As mentioned before, some of these technologies like biogas 
upgrading and biological methane conversion are very new and need more studies to 
be more adaptable and practical for companies.

4.  Carbon capture, utilization, and storage (CCUS)

Carbon capture, utilization, and storage (CCUS) encompasses methods and tech-
nologies to remove CO2 from the flue gas and the atmosphere, followed by recycling 
the CO2 for utilization and determining safe and permanent storage options.

Ideally, converting CO2 into useful chemicals of commercial importance, or 
utilizing CO2 for oil extraction or modification of alkaline industrial wastes, would 
add economic value to this greenhouse gas. However, the demand for CO2 is limited in 
comparison to the vast amount of CO2 that needs to be removed from the atmosphere, 
to reduce the harmful environmental impacts of climate change. Therefore, various 
options for CO2 storage have been proposed. These options include injecting CO2 in 
geologic formations and oceans, and growing trees to enable biological fixation of 
CO2 via photosynthesis. Any stable system for storing carbon must be effective and 
cost-competitive, stable as long-term storage, and environmentally safe [11].
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 The oil and gas industry is already one of the global leaders in developing and 
deploying carbon capture and utilization (CCUS) technologies. Of the 35 Mt CO 2
captured today from industrial activities in large-scale CCUS facilities, nearly 80% is 
captured from oil and gas operations (  Figure 2  ) [ 12 ].  

  4.1 Carbon capture and storage (CCS) technologies and mechanisms 

 There are several technologies used in CCS, including pre-combustion capture, 
post-combustion capture, and oxy-fuel combustion. Each of these technologies has its 
mechanisms and applications, depending on the specific requirements of the emis-
sion source.

•    Pre-combustion capture: Pre-combustion capture involves the gasification of 
fossil fuels to produce a synthesis gas (syngas), which is then subjected to a 
water-gas shift reaction to increase the proportion of hydrogen (H 2 ) and CO 2 , 
facilitating the separation of CO 2  before combustion occurs. This process is 
generally conducted in three main steps: gasification, water-gas shift reaction, 
and CO 2  separation. In the gasification step, fossil fuel, such as coal, natural gas, 
or biomass, is reacted with oxygen (O 2 ) or steam (H 2 O) at high temperatures to 
produce a synthesis gas (syngas). The syngas is primarily composed of hydrogen 
(H 2 ), carbon monoxide (CO), and some CO 2 . Then in the second step, the syngas 
is subjected to a water-gas shift reaction, where carbon monoxide (CO) reacts 
with steam (H 2 O) to produce more hydrogen (H 2 ) and carbon dioxide (CO 2 ). 
This reaction increases the CO 2  content in the gas mixture, making it easier 
to separate CO 2  from hydrogen. Finally, in the last step, the CO 2  is separated 
from the hydrogen using various techniques, such as chemical absorption, 
physical absorption, or membrane separation. The resulting pure CO 2  can then 

  Figure 2.
  Global capital investment in selected low-carbon technologies (2015–2018). Note: CCUS only includes large-scale 
facilities [ 12 ].          
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be captured, compressed, and transported for storage. This method is highly 
efficient because it captures CO2 before combustion, resulting in a higher 
concentration of CO2 in the gas stream, which makes the separation process 
more straightforward. This method produces hydrogen as a by-product, which 
can be used as a clean fuel for power generation or in other industrial processes, 
contributing to the decarbonization of various sectors. Besides these benefits, 
it has some limitations. It needs specific equipment and conditions, making it 
complex and expensive to implement on a large scale. Also, it often requires new 
infrastructure, as it is not easily modified to existing power plants.

• Post-combustion capture: This method captures CO2 from flue gases after fossil 
fuels have been burned, typically using solvent-based chemical absorption. It 
is suitable for retrofitting existing power plants. Now, we focus more on this 
method. First, after combustion, the flue gases, which contain CO2, nitrogen 
(N2), water vapor (H2O), and other minor components, are cooled and treated 
to remove pollutants like sulfur oxides (SOx) and nitrogen oxides (NOx) before 
entering the CO2 capture unit. Then, the cooled flue gas is passed through an 
absorber column, where it meets a solvent, typically an amine-based solution, 
such as mono ethanol amine (MEA). The CO2 in the flue gas chemically reacts 
with the amine to form a carbamate compound. Finally, the captured CO2 is 
compressed and prepared for transportation to storage sites, where it can be 
injected into geological formations. It can be added to existing power plants and 
industrial facilities without requiring major changes to the existing infrastruc-
ture, making it a practical option for reducing emissions from current sources, 
and chemical absorption, particularly using amine-based solvents, is a well-
established and commercially available technology, with significant research and 
operational experience backing its use. The solvents used in chemical absorption 
can degrade over time, especially in the presence of impurities like SOx and NOx, 
leading to higher operational costs and the need for regular solvent replacement. 
Scaling up this method shows challenges in managing the significant volumes of 
flue gas that must be processed.

• Oxy-fuel combustion: This technique burns fossil fuels in oxygen instead of air, 
resulting in a flue gas that is primarily CO2 and water vapor, which makes the 
capture process easier. In the first step, oxygen is produced through air separa-
tion units (ASUs), which typically use cryogenic distillation to separate O2 from 
nitrogen (N2) in the air. Second, the fossil fuel is burned in an environment of 
pure oxygen, rather than air, to produce a flue gas composed mainly of CO2 and 
water vapor (H2O). The absence of nitrogen in the combustion process prevents 
the formation of nitrogen oxides (NOx), reducing the need for flue gas treat-
ment. The flue gas, mainly consisting of CO2 and H2O, is cooled to condense the 
water vapor, leaving behind a highly concentrated stream of CO2. The CO2 is 
then compressed, purified if necessary, and transported for storage. This method 
produces a flue gas that is rich in CO2, which significantly simplifies the capture 
process and reduces the cost associated with CO2 separation. Additionally, elimi-
nating nitrogen from the combustion process minimizes the production of NOx, 
reducing the need for post-combustion treatment of flue gases. On the other 
hand, the need for specialized equipment, such as ASUs and flue gas processing 
units, increases the capital and operational costs associated with oxy-fuel com-
bustion and, while retrofitting is possible, the high costs and technical challenges 
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associated with integrating oxy-fuel combustion into existing power plants may 
limit its widespread adoption [13].

4.2 Implementation cost of CCS

The implementation cost of CCS technologies is influenced by several factors, 
including the cost of implementation, the type of technology used, the scale of the 
project, the location of the storage site, policy measures and regulatory frameworks, 
research and development, and public-private partnerships.

• Capital costs: These include expenses related to the construction of capture 
facilities, transportation infrastructure, and storage sites. For instance, building 
a large-scale post-combustion capture facility can cost between $500 million and 
$1 billion. Oxy-fuel combustion and pre-combustion capture technologies may 
have different cost structures due to their specific requirements.

• Operational costs: These include the costs associated with running the capture 
and storage facilities, such as energy consumption, maintenance, and monitor-
ing. Operating costs for CCS are estimated to range from $30 to $70 per ton of 
CO2 captured, depending on the efficiency of the technology and the character-
istics of the emission source.

• Storage costs: The cost of storing CO2 depends on the geology of the storage site 
and the distance from the capture location. Storing CO2 in depleted oil and gas 
fields tends to be more expensive than in saline aquifers. Storage costs can range 
from $10 to $20 per ton of CO2.

• Economic incentives and policy impact: The cost-effectiveness of CCS is signifi-
cantly influenced by economic incentives and policy frameworks. Governments 
may provide financial incentives, such as tax credits, grants, or subsidies, to offset 
some of the capital and operational costs. For example, the 45Q tax [2] credit in the 
United States offers up to $50 per ton of CO2 stored, which can make CCS projects 
more economically viable. The European Union Emissions Trading System (EU 
ETS) has been instrumental in reducing greenhouse gas emissions across Europe. 
Putting a carbon price on carbon incentivizes companies to adopt cleaner technolo-
gies and practices. The system has supported the deployment of CCS and methane 
reduction technologies in various industries, including natural gas production [14]. 
Some jurisdictions mandate the use of CCS for certain industries or power plants, 
particularly those with high CO2 emissions. These regulations can drive the adop-
tion of CCS technologies by creating a legal requirement for emission reductions.

If the incentives are in place to encourage investment in different components of 
the CCUS value chain, there are several ways to think about the role of the oil and gas 
industry concerning CCUS:

• As a source of some concentrated streams of CO2 that are relatively easy and cost-
effective to capture (for example, in gas processing or parts of the refining sector).

• As a user of CO2, primarily for injection into reservoirs as a mechanism for 
Enhanced oil recovery (EOR). Depending on the source of the CO2 and the 
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volumes being injected, this could reduce the emissions intensity of the produced 
oil considerably (and even, theoretically, lead to carbon-negative oil).

• As an industry that undertakes well-funded, high-level research, and that has 
large-scale engineering, pipeline and subsurface, and project management 
capabilities to scale up CCUS. This could have positive spillover implications for 
many aspects of energy transitions, including for the large-scale production of 
low-carbon hydrogen and the decarbonization of heavy industry [12].

• Carbon pricing: Implementing carbon pricing mechanisms, such as carbon taxes 
or cap-and-trade systems, can incentivize companies to adopt CCS by increasing 
the cost of emitting CO2. A higher carbon price makes CCS more attractive by 
improving its economic competitiveness relative to paying for emissions.

• Research and development funding: Government funding for R&D can acceler-
ate the development of advanced CCS technologies, reducing costs and improv-
ing efficiency. Public investment in pilot projects and demonstration plants helps 
to de-risk the technology and pave the way for commercial-scale deployment.

• Public-private partnerships: Collaborative efforts between governments, private 
companies, and research institutions can facilitate the deployment of CCS. These 
partnerships often provide financial support, share technical expertise, and 
promote the commercialization of new technologies.

Partnerships are an integral part of the oil and gas industry operation. The indus-
try tends to share risks in areas with higher costs, which is why there are typically 
many partners in large offshore oil fields or LNG terminals. It has also created numer-
ous bodies to deal with industry-wide issues of environmental performance, such as 
the Oil and Gas Climate Initiative (OGCI).

Existing partnerships and associations can promote some strategic responses to 
these risks. For example, methane abatement is a focus for the OGCI and the signato-
ries to the multi-stakeholder Methane Guiding Principles group.

• International collaboration: Global cooperation on CCS, through initiatives such 
as the Carbon Sequestration Leadership Forum (CSLF) and Mission Innovation, 
helps to standardize best practices, share knowledge, and leverage resources for 
large-scale deployment.

4.3 Case studies of CCS in natural gas production

Several case studies illustrate the successful implementation of CCS technologies 
in natural gas production. These projects demonstrate the feasibility, challenges, and 
benefits of CCS in reducing CO2 emissions.

• Sleipner CO2 Storage Project, Norway:

The Sleipner project, operated by Equinor (formerly Statoil), is one of the world’s 
first commercial CCS projects. Since 1996, CO2 has been captured from natural 
gas production at the Sleipner field and injected into the Utsira sandstone forma-
tion beneath the North Sea. This project has successfully stored over 20 million 
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tons of CO2, demonstrating the long-term stability and effectiveness of geologi-
cal storage.

• Petra Nova Project, USA:The Petra Nova project, a joint venture between NRG 
Energy and JX Nippon Oil & Gas Exploration, is one of the largest post-combus-
tion carbon capture projects in the world. Located at the W.A. Parish Generating 
Station in Texas, the project captures CO2 from a coal-fired power plant and uses 
it for enhanced oil recovery (EOR) in the West Ranch oil field. Since its incep-
tion in 2017, Petra Nova has captured and utilized over 1.6 million tons of CO2 
annually.

• Quest CCS Project, Canada:Operated by Shell, the Quest project captures CO2 
from the Scotford Upgrader, which processes oil sands bitumen into synthetic 
crude oil. The captured CO2 is transported via pipeline to a storage site in 
Alberta, where it is injected into a deep saline aquifer. Since 2015, Quest has 
successfully captured and stored over 5 million tons of CO2, providing valuable 
insights into the scalability and safety of CCS technology.

• Gorgon CO2 Injection Project, Australia:The Gorgon project, led by Chevron, is 
one of the largest CCS projects associated with natural gas production. CO2 is 
captured from the Gorgon LNG plant on Barrow Island and injected into a deep 
reservoir beneath the island. The project aims to reduce CO2 emissions by 40% 
over its lifespan, potentially storing up to 100 million tons of CO2.

These case studies highlight the technical and economic viability of CCS in various 
contexts. They also underscore the importance of regulatory support, public-private 
partnerships, and technological innovation in the successful deployment of CCS 
projects.

5.  Benefits and challenges

5.1 Benefits

Reducing methane and carbon emissions has significant economic benefits. For 
instance, Companies can monetize resources of flaring that would otherwise be 
wasted, by capturing and repurposing flared gas. This improves the economic viabil-
ity of natural gas operations and supports broader energy security and supply chain 
resilience. Implementing flaring reduction technologies can result in cost savings by 
reducing the need for flaring permits and compliance with environmental regula-
tions. Additionally, the sale of captured gas and its by-products can offset operational 
costs.

Generally, if we can convert methane and CO2 into valuable products that can be 
sold in the market with benefits, it will be interesting for gas industries to notice the 
quantity of CO2 and methane emissions.

From an environmental perspective, methane, the primary component of natural 
gas, has a global warming potential approximately 25 times greater than carbon diox-
ide over 100 years. The natural gas industry can substantially lower its GHG footprint 
by minimizing methane emissions. Improved air quality and reduced health risks for 
nearby communities are additional environmental advantages of these efforts.
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Reducing methane and carbon emissions aligns with sustainable development 
goals by promoting responsible resource utilization and reducing the environmental 
footprint of natural gas production. It also supports the transition to a low-carbon 
economy by providing cleaner energy alternatives.

This aspect of methane and carbon emissions is essential and noticeable for gas 
industries. In recent years, national and international laws and regulations have 
focused on it, and if they have more emissions than the standards, they do not let 
these plants work and be active.

5.2 Challenges

Government policies and regulatory frameworks play a crucial role in driving the 
adoption of CO2 emission reduction and carbon management strategies. International 
agreements such as the Paris Agreement set global targets for emission reductions, 
encouraging countries to implement stringent regulations. National regulations vary, 
with some countries imposing carbon pricing mechanisms, emission caps, and incen-
tives for clean technology adoption. The DOE’s Methane Emissions Reduction Action 
Plan, for instance, sets ambitious targets for cutting methane emissions by 30% from 
2020 levels by 2030 [5, 15]. This plan includes support for technological innovation 
and the implementation of best practices across the industry. For example, the United 
States offers the 45Q tax credit [16] for carbon capture and storage projects, providing 
financial incentives for companies to implement CCS technologies. But these efforts 
are not sufficient. In most countries with a big portion of CO2 and methane emis-
sions, there are a few laws about these subjects. In addition, some laws are not clear 
enough for industries, and in some cases, these laws are contrary to international laws 
and standards.

Public-private partnerships (PPPs) are essential for advancing carbon manage-
ment strategies. PPPs facilitate the development and deployment of innovative 
technologies by pooling resources, sharing risks, and leveraging expertise from differ-
ent sectors. These collaborations accelerate the commercialization of new technolo-
gies and enhance their scalability, contributing to more effective carbon management 
in natural gas production. Governments also have a prominent role in this subject 
because they can support and gather research departments and industries with good 
coordination. One notable example is the Carbon Capture and Storage Association 
(CCSA) in the UK, which brings together industry, government, and academic 
stakeholders to promote CCS deployment. Another example is the Global Methane 
Initiative, a partnership involving governments and private sector entities to reduce 
methane emissions worldwide.

Despite all the promotions in mitigating CO2 and methane emissions, there is 
still a need for more investment in this field, especially in research for finding a 
more adaptable and economical solution. In addition, governments can enhance the 
bankability of these projects, giving developers and investors more confidence. This 
requires a range of measures, including increased government funding, a well-
regulated carbon credit compliance market, and progressive regulations that penalize 
industries lagging in emission reductions.

As we mentioned before, many of the present solutions are very expensive and 
not affordable for many countries, especially for underdeveloped countries and small 
industries. This can be done by financially supporting research, academic centers, 
and universities that work on these subjects. It can also be done by some international 
institutes by offering special scholarships in these cases.
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6.  Conclusion

Methane emission reduction and carbon management within the natural gas 
industry have seen remarkable advancements over recent years, reflecting a concerted 
effort to mitigate the environmental impact of fossil fuel utilization.

The continuous evolution of the natural gas industry underscores the paramount 
importance of environmental impact mitigation and advanced carbon management 
strategies.

Methane contributes significantly to global warming as a potent greenhouse gas, 
making its reduction imperative for achieving climate goals.

Current strategies and emerging technologies drive the industry toward more 
sustainable practices, addressing both methane and CO2 emissions through a mul-
tifaceted approach. The integration of cutting-edge technologies and innovative 
approaches in methane emission reduction, carbon capture and storage (CCS), and 
flaring reduction highlights the industry’s commitment to sustainability and regula-
tory compliance.

The collective efforts of industry stakeholders, regulatory bodies, and technologi-
cal innovators have paved the way for substantial progress in reducing greenhouse gas 
(GHG) emissions and promoting resource efficiency.

However, this industry has a long way to go to maintain and improve its position in 
the future as one of the energy producers in the world that has the largest share of the 
energy market. Despite all the efforts studies and investigations done to reduce the 
environmental effects of gas production and use different methods to reduce carbon 
emissions, this industry is still one of the biggest sources of emissions in the world. 
Although various technologies have been developed in recent years, there are still 
serious challenges in this way. Of course, the role of carbon management strategies 
and standards cannot be ignored easily. These strategies, which include the estab-
lishment of laws, development of standards, and executive instructions, have made 
gas-producing countries and companies more sensitive to their activities. Following 
these laws and implementing global and regional standards that are currently man-
datory in some parts of the world will reduce carbon emissions. However, it should 
not be overlooked that companies need a series of executive measures in the field of 
production to implement these standards and comply with the laws. This is why many 
advanced and innovative technologies have been introduced to the market in recent 
years, although many of these technologies are in their infancy and need further 
studies in terms of ease of use, costs of implementation, and compatibility with the 
industry.

But what attracts attention the most is the decisive role of governments and 
international organizations in supporting these creative technologies and innova-
tions. According to the income they have, governments alone or by allocating finan-
cial resources to companies, universities, and other non-governmental organizations 
can play a decisive role in the development and expansion of the use of advanced 
technologies and the implementation of environmental policies and carbon manage-
ment standards. In addition, the adoption of supportive laws, such as tax exemptions 
for manufacturers that move towards reducing carbon emissions and environmental 
impacts, can provide these industries with the incentive and competitiveness to 
progress further, while these supports make the use of new technologies more cost-
effective and their expansion and development faster.

Also, governments and international and regional organizations can play a 
decisive role in this way by establishing laws and setting goals and obligations for 
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their members. However, this point should not be overlooked that all these material 
and spiritual support, approval, and implementation of international and regional 
standards, laws, and agreements should all be done with the aim of simplicity in 
implementation and cost-effectiveness.

To summarize, the natural gas industry’s commitment to reducing methane 
emissions and managing carbon effectively is evident in the significant technological 
advancements, regulatory frameworks, collaborative initiatives, and strategic tacti-
cal plans underway. These efforts not only mitigate environmental impacts but also 
enhance the economic sustainability of natural gas production. Continued innova-
tion, supported by robust regulatory frameworks and collaborative partnerships, will 
be essential in achieving long-term climate goals and ensuring a sustainable energy 
future. The continuous evolution of these strategies underscores the industry’s com-
mitment to reducing its environmental footprint and contributing to global emission 
reduction goals. The path forward requires sustained innovation, supportive policies, 
more investment, and robust partnerships to achieve a sustainable energy future.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

This study developed the presented process simulation based on the design 
parameters of typical gas plant CCS units in North America. Since the recovered 
waste heat technology is a new commercial design in solvent regeneration processes, 
the parametric sensitivity study could provide several detailed optimization methods 
for further operations. The parametric analysis was conducted by varying MEA con-
centration (5–7.5 M), the inlet temperature of rich solvent (105–110°C) and reboiler 
temperature (122–127°C). Additionally, this study developed two split-flow process 
configurations based on the existing columns and operational conditions. The appli-
cation of a split-flow configuration with the proper solvent concentration has the 
potential to save up to 40% of energy costs. The work also evaluated the factors that 
influence overall capture performance such as column size, type of amine and solvent 
flow rate. It is promising that the split-flow process configuration and solvent concen-
tration are two potential optimization routes for further practical operations.

Keywords: carbon capture, gas processing, amine sweetening, energy consumption, 
waste heat recovery

1.  Introduction

Post-combustion carbon capture (PCC) is a typical technology for capturing 
carbon dioxide (CO2) from flue gases. Throughout the world, PCC will play a crucial 
role in climate change mitigation in the next few decades since several commercial-
scale facilities have operated successfully, such as Boundary Dam Integrated CCS 
Demonstration and PetraNova Project [1]. PCC is a feasible technology for most 
existing industrial plants and new facilities as the CO2 capture unit can be added to 
existing combustion facilities without significant changes to the existing processes. 
The technology aims to separate CO2 from exhaust gases, and the capture process 
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can be achieved using various technologies, including absorption-based process, 
adsorption-based separation, and membrane separation.

The chemical absorption process is a practical technology that aims to absorb CO2 
using a suitable chemical solvent. Operators can generally select the most appropri-
ate solvent based on the facility’s operating conditions and flue gas compositions. 
Amine-based solvents are the main candidates for commercial applications due to 
their affordability and excellent capture performance. The selection of amine should 
rely heavily on the solvent properties and operating conditions of the facility. For 
instance, primary amines (such as monoethanolamine, MEA) and secondary amines 
are more reactive with CO2 due to the direct formation of carbamate by the Zwitterion 
mechanism [2, 3]. However, tertiary amines (such as N-butyldiethanolamine BDEA, 
and N-methyldiethanolamine MDEA) exhibit higher absorption capacity and require 
less regeneration energy for high-pressure operations [4, 5].

Gas power plants are set to play a vital role in the energy transition of Canada’s 
western provinces. In general, natural gas-fuelled power plants have CO2 streams with 
lower CO2 concentrations in the flue gas [6], which means that only active chemical 
solvents can react well with CO2. Unfortunately, most active amine solvents, such as 
primary amines, exhibit high affinity with CO2, and their regeneration energy is also 
high. This is primarily caused by the desorption heat of the amines and the sensible 
heat of the co-solvent, water [7]. It is nearly impossible to altogether remove the 
water from the amine solutions due to three major reasons: (1) water plays a key role 
in the chemical reactions of amine solutions and CO2, the formation of carbamate 
and carbamate hydrolysis would not occur without water; (2) the effect of the CO2 
solubility; and (3) lowering the boiling point of the liquid solvent, the vapour genera-
tion from the reboiler can heat the thermal stripper at a proper temperature range 
with minimum amine loss to release more CO2 from the rich solvent.

Researchers have addressed that substituting water for organic solvents can 
improve the physical solubility of CO2 [8]. Later on, researchers developed several 
novel application routes of non-aqueous amine solutions, and they found that blend-
ing organic solvent with amines may cause different levels of liquid–liquid phase 
separation phenomena, known as the bi-phase phenomena. Despite the rich solvent 
phase exhibiting an impressive high CO2 absorption capacity, the fluidity issue was 
also getting serious. When using some novel synthesized amines or polyamines, issues 
such as high raw material costs, supply shortages, high toxicity, and high volatility 
can also arise. At the current practical application stage, aqueous amine solutions are 
still deemed as the key feasible route. Therefore, this work paid attention to common 
amines, and the process optimization with novel techniques plays a critical role in 
the solvent regeneration process. Reducing energy penalty can eventually make the 
process more affordable and optimize the OPEX (Operational Expenditure), making 
it more feasible [9].

This study aims to optimize the novel waste heat recovery process to improve its 
overall efficiency. To achieve this goal, several sensitivity analyses were performed by 
varying the operating variables, such as the temperature of the feeding solvent and 
reboiler, the solvent flow rate, the amine concentration, and the type of amines.

2.  Methodology

This work used the process simulator ProMax® 5.0 with Mass + Heat transfer 
model to simulate the performance of various process configurations. The reference 
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case for the simulation study was based on practical design data from a Canadian gas 
plant CCS unit. The summary of the flue gas stream is listed in Table 1, and the design 
data of the columns and equipment can be found in Table 2.

ProMax® 5.0 includes several thermodynamic fluid property packages for CO2 
capture process. Amine Sweetening – PR is applied to the acid gas removal process 
and involves a vapour package of the Peng-Robinson equation of state and a liquid 
package of Electrolytic. The property package selection depends on the components 
of the fluids used in the system. In this work, the liquid system was considered a 
non-ideal system since aqueous amines are polar molecules. Equation of State (EoS) 
models were employed for gases, as they are Pressure-volume-temperature (PVT) 
models that mathematically express the phase behaviour of hydrocarbon fluids as 
a function of pressure and temperature. These property packages allowed for the 
automatic management of the reactions of aqueous MEA-CO2 system and the physi-
cochemical properties of the solvent components in the system.

Name Mol fraction

Nitrogen dioxide 0.00006

Nitrogen 0.74942

Oxygen 0.11120

Carbon Dioxide 0.05591

Carbon monoxide 0.00046

Water 0.07258

Methane 0.00131

Ethane 0.00002

Formaldehyde 0.00009

Benzene 0.00004

Argon 0.00891

Table 1. 
Typical exhaust gas composition.

How Data

Absorber tower size 1678 mm (diameter)|3 (sections) x 5400 mm (height)

Amine flow rate 40.43 m3/hr

Rich/lean amine pump power 15HP @ 3600 RPM

Differential pressure of amine pump 400 kPag

Desorber (stripper) tower size (Base case) 914 mm (diameter)|2 (sections) x 4000 mm (height)

Reflux pump power 1/2HP @ 1800 RPM

Differential pressure of reflux pump 50 kPa

Gas flow rate 686 E3 m3/day

Table 2. 
Design data of columns and other mechanical equipment.
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In this work, process’s overall performance can be evaluated using three perfor-
mance indicators: cyclic capacity of the solvent, reboiler duty, and overall CO2 capture 
efficiency. The cyclic capacity of the solvent refers to the difference between the lean 
loading ( )α lean  and rich loading ( )αrich , where the CO2 loading ( )α  is represented as 
the ratio of the number of moles of CO2 to the number of moles of amine in the liquid 
phase. The reboiler duty, also known as the regeneration energy, is the sum of the 
desorption heat, sensible heat, and heat of vaporization. The overall CO2 capture effi-
ciency is a macroscopic indicator expressed as the percentage ratio of mass concentra-
tion of the CO2 in the inlet and outlet gas streams. This work evaluated the simulation 
result validation by using the percentage of average deviation (%AAD), which can be 
expressed as the equation below:

 1 100
n
Σ

SIM - REF%AAD= ×
REF

  (1)

where %AAD is the average absolute deviation; SIM and REF represent simulation 
results obtained from the simulation (this work) and the original onsite data, respec-
tively; n is the number of data.

3.  Process description and simulation validation

3.1  Conventional process with waste heat recovery process

As shown in Figure 1, the waste heat recovery process involves replacing tradi-
tional steam regeneration with energy released from the hot flue gas stream. The 
names of the equipment and streams on the process flowsheet are explained in 
Table 3. The energy conversion primarily depends on the required heat transfer rate, 
which is affected by the size of the heat exchanger. In ProMax simulation, if the user 
cannot attach the heat exchanger’s surface area to the system, they must input the 
inlet and outlet temperature of the heating medium. In this work, the ProMax system 
calculated the converted energy (stream Q-2) based on the outlet stream temperature 
(stream 14) with an assumption of 30% heat loss. Due to the energy conversion, the 
temperature of the Flue Gas stream can be cooled from 449–180°C, equivalent to 
2033.38 kW of recovered heat. Compared to the onsite data, this represents a 3.5% 
of %AAD. A flue gas cooler (XCHG-101) is used to cool the flue gas from 180–38°C, 
equivalent to 1113.98 kW of energy consumption, to provide additional cooling 
energy. Compared to the onsite data, this represents an 11.8% of %AAD. In addi-
tion to the flue gas cooler, the amine cooler and reflux condenser require significant 
amounts of power, while the power required by the amine pumps is relatively tiny. 
The simulated power consumption was consistent with onsite data within an accept-
able deviation, indicating the reliability and value of the further predictions.

3.2  Split-flow process configurations with waste heat recovery process

The idea of using split-flow design in carbon capture is to improve the overall 
efficiency and cost-effectiveness of the process. Typically, solvent Split flow is a 
promising strategy that aims to reduce the solvent loaded in the heat exchanger 
and eventually improve the thermal transfer rate. Sometimes, the solvent streams 
are split and recirculated in the absorber or desorber to maximize the CO2 absorp-
tion capacity [1]. Although the absorption/desorption kinetics can be improved, 
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the main limitation of this method is that the overall performance dramatically 
relies on the type of solvent. Some active amine solvents (such as primary amine 
solutions) have insufficient absorption capacity is the main limitation, regardless 
of the CO2 partial pressure conditions. This work aims to develop novel split-flow 
process configurations integrated with waste heat exchangers. Consequently, this 
study will find different new promising routes for waste heat recovery processes 
for the gas CCS plant.

Figure 1. 
Conventional process flowsheet with waste heat recovery process.

Name of the icon Name of the equipment/stream

Pump-100 Rich amine pump

Pump Lean amine pump

XCHG-100 Waste heat exchanger

XCHG-101 Flue gas cooler

MKUP-1 Make-up tank

Stream 1 Flue gas inlet

Stream 2 Lean solvent inlet

Stream 3 Hot-rich solvent feeds

Stream 4 Separated wet gas

Stream 5 Condensed water

Stream 6 Treated solvent from desorber

Stream 7 Hot vapour

Stream 8 Warm lean solvent

Table 3. 
Important naming of the equipment and streams on the simulation flowsheet.
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As mentioned earlier, the sensible heat of the solvent is primarily determined 
by the water content of the solvent. By using a split-flow design, the temperature 
distribution of the fluid can be optimized, resulting in a reduction in reboiler duty. 
Besides, the thermal transfer efficiency in the lean/rich exchanger would be more 
beneficial due to the lower solvent flow rate. As shown in Figure 2(a) and (b), there 
are three major new equipment elements in the split-flow processes: a solvent splitter 
(SPLT-101) and two heating elements (XCHG-104 and XCHG-102). XCHG-102 is a 
continuous waste heat recovery unit designed to transfer heat from the hot flue gas 
to the heating medium. This heated medium then serves as the heating source for 
warming the rich solvent in SCHG-104. The split stream of rich solvent flows into 
the secondary waste heat exchanger and then to the desorber (Stream 18). With this 

Figure 2. 
Split-flow design of thermal desorber integrated with waste heat exchange process.
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design, the duty of the flue gas cooler would be reduced while the temperature of the 
rich solvent feeds would be improved.

Compared to two split-flow process configurations, Figure 2(a) aims to directly 
split the solvent to the bottom of the desorber. Due to the water vaporization phenom-
ena, Stream 18 will provide more heat to the entire desorption column. Additionally, 
the desorber is a thin column, and a lower liquid flow rate passing through the 
structure packing can potentially reduce the risk of flooding. This design will be 
beneficial for further practical operations if operators want to try other viscous 
chemical solvents. By reducing the feed flow rate, the residence time of the liquid in 
the desorber increases. This allows more time for CO2 to be released from the solvent, 
improving the overall efficiency of the desorption. A lower flow rate can improve the 
mass transfer between the liquid and gas phases. From the perspective of operational 
flexibility, reducing the flow rate can allow the process to better adapt to variable CO2 
loads, optimizing the mass transfer performance by providing the lowest need for 
hot steam. Figure 2(b) aims to develop a secondary heat transfer process for the rich 
solvent feed (Stream 19) to eventually reduce boiler duty.

4.  Results and discussion

4.1  The effect of MEA concentration on the overall performance

This study investigated the effect of MEA concentration on the overall perfor-
mance. The conventional process flowsheet was utilized and integrated with the waste 
heat recovery process for the simulation of this section. In addition, the temperature 
of the rich solvent feed was varied from 105–110°C. The temperature range is reason-
able when compared to practical operations at the CCS plant.

Table 4 shows that the regeneration energy is reduced with increasing the con-
centration of MEA, which can be attributed to the lower solvent flow rate demand 
and higher CO2 loading. A solvent with higher CO2 loading is more favourable in the 
regeneration process due to the larger driving force of CO2, which is beneficial for 
mass transfer phenomena. However, this study also found that the lean loading could 

Solvent Overall CO2 capture 
efficiency, %

Solvent flow 
rate, m3/hr

Regeneration energy, 
GJ/tCO2

Lean loading-rich 
loading

5 M MEA 77.37 35 4.44 0.25–0.47

77.76 40 4.40 0.28–0.47

78.19 45 4.42 0.29–0.47

6.25 M 
MEA

80.98 35 4.23 0.30–0.48

81.44 40 4.21 0.31–0.48

81.22 45 4.21 0.32–0.48

7.5 M 
MEA

82.43 30 4.16 0.30–0.49

84.21 35 4.10 0.32–0.48

83.93 40 4.45 0.34–0.48

Table 4. 
The effect of MEA concentration on the overall performance (Trich,feed = 105°C; Tlean = 122°C).
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be increased by increasing the concentration of MEA, possibly due to the consistent 
energy conversion from the waste heat exchanger. A similar tendency of regeneration 
performance was observed in Table 5.

From Tables 4 and 5, it can be observed that achieving 85% overall CO2 capture 
efficiency is difficult when the temperature of the rich solvent feed is lower than 
110°C. There are two simplest methods that can be considered to resolve the problem: 
(1) lower the lean loading; and (2) increase the solvent flow rate. However, increasing 
the solvent flow rate at the CCS plant is challenging, as the desorber is a thin thermal 
tower, and an excessive solvent flow rate could result in flooding. Therefore, the first 
option of lowering the lean loading is more feasible. Two strategies to achieve this 
target are: (1) constructing new heat suppliers to lower the lean loading; and (2) 
increasing the rich solvent temperature.

For general practical operations, it is not economically feasible to keep adding new 
thermal generators to heat the lean solvent to become leaner. Additionally, since the 
desorber column has already been built, replacing it with a taller one is nearly impos-
sible. Therefore, increasing the rich solvent temperature is deemed as a relatively 
feasible solution to lower the lean loading of solvent. Additionally, the enhancement 
behaviour of a higher temperature of the rich solvent feed could also be affected by 
the concentration of amine. Tables 4 and 5 show that the regeneration energy slightly 
increases by increasing the concentration of MEA from 6.25 M to 7.5 M, although 
the overall CO2 capture efficiency is still growing. The higher lean loading and 
unexpectedly low residence time at high solvent flow rate conditions possibly cause 
this. Besides, the physical properties of the solvent, such as viscosity and density, 
also affect the solvent flow rate. Therefore, determining the optimal concentration 
and flow rate of the solvent requires finding a balance between overall CO2 capture 
efficiency, energy consumption and optimal residence time.

The flooding fraction is a function of fluid flow rate, which significantly affects 
the CO2 loading in the solvent. When the solvent flow rate exceeds the absorber’s 
capacity, which is determined by the diameter of the column, flooding issues occur, 
resulting in reduced efficiency and increased energy consumption due to lower 
rich loading. Table 5 shows that by increasing the MEA concentration from 5 M to 
6.25 M, the overall CO2 capture efficiency can be maintained at around 85% while 

Overall CO2 capture 
efficiency, %

Solvent flow 
rate, m3/hr

Regeneration 
energy, GJ/tCO2

lean loading-
rich loading

5 M MEA 78.53 35 4.37 0.25–0.47

82.24 40 4.40 0.25–0.47

84.68 45 4.20 0.28–0.47

6.25 M MEA 79.77 30 4.20 0.27–0.46

84.07 35 4.18 0.28–0.47

85.51 40 4.12 0.29–0.47

7.5 M MEA 80.42 25 4.27 0.28–0.50

85.66 30 4.10 0.30–0.50

88.28 40 4.15 0.32–0.49

Table 5. 
The effect of MEA concentration on the overall performance (Trich,feed = 110°C; Tlean = 122°C).
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reducing the solvent flow rate by at least 10%. Figure 3 compares flooding fraction 
in the absorber based on maintaining the overall CO2 capture efficiency around 85% 
(±1%). Generally, an appropriate flooding fraction range is between 50 and 75% in 
the absorber. To ensure reliable predictions, ProMax warns users once the flooding 
fraction is more significant than 80%, the system does not accept the input if the 
flooding fraction is higher than 100%. Properly increasing solvent concentration can 
achieve around a 5% reduction in flooding fraction caused by the reduced flow rate. 
It should be addressed that the flooding fraction is also determined by the ProMax 
system based on the specific process and operating conditions, including the gas flow 
rate, amine solution properties and internal geometry of the column.

4.2  The effect of lean loading on the overall performance

As discussed in the previous section, the solvent flow rate is an important factor 
affecting the regeneration energy required to release the absorbed CO2 from the 
liquid phase. Increasing the solvent flow rate can increase the pressure drop in the 
desorber, which in turn can increase the regeneration energy. On the other hand, an 
insufficient solvent flow rate can also increase the regeneration energy, as shown in 
Table 6. This is because the CO2 lean loading is reduced by increasing the temperature 
of the reboiler. Table 6 can be divided into two parts: (1) for 5 M MEA operations, the 
optimal solvent flow rate is between 40 and 45 m3/hr.; (2) for 6.25 M MEA opera-
tions, the optimal solvent flow rate is between 35 and 40 m3/hr. It is noteworthy that 
increasing the lean solvent temperature from 122–127°C can significantly improve the 
overall CO2 capture efficiency. Generally, 127°C is considered a safe high temperature 
with an acceptable thermal degradation rate for MEA operations [10].

However, the reality poses a challenge. When developing a new process for a 
practical CCS plant, it is crucial to consider both the economic and technical feasibil-
ity. In terms of the technical aspect, one potential strategy to address the regeneration 
energy issue is to utilize a waste heat exchanger to harness the waste heat from the flue 
gas source. However, the flue gas flow rate is assumed to be constant, and it cannot be 
directly used to heat the rich solvent because of its high temperature, which can cause 

Figure 3. 
The effect of MEA concentration on the absorber flooding fraction.
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thermal degradation issues. This implies that an additional operational unit of waste 
heat exchanger should be employed. Alternatively, a traditional thermal transfer 
reboiler with a heat generator must be applied.

4.3  Split-flow process

As mentioned in the previous sections, increasing the inlet temperature of the 
rich solvent is a relatively feasible way to reduce the lean CO2 loading of the solvent 
because it does not need a heat generator. However, there are two major limitations: 
(1) an additional cross-heat exchanger is required, and (2) limited heat available 
from hot lean solvent. These two limitations make it challenging to increase the inlet 
temperature of the rich solvent to higher than 110°C. Therefore, the technique of 
split-flow process can certainly address these issues.

Additionally, the split-flow process can increase the temperature of lean solvent. 
By heating the split solvent stream to as high as 127°C, then the lean loading of the 
solvent is reduced, improving the cyclic capacity.

4.3.1  The overall performance

For split-flow process configurations, it is essential to determine the appropriate 
split ratio of the solvent. In this work, the size of lean/rich cross-heat exchanger is 
held constant, and the maximum temperature lean solvent is fixed at 122°C. This 
implies that if the flow rate of the solvent passing through the cross-heat exchanger 
is too low, then the outlet lean amine temperature will be high, increasing the duty 
of amine cooler. On the other hand, an excessive solvent flow rate may compromise 
thermal transfer performance and negatively impact the overall process efficiency.

Figure 4 shows the temperature profile of the outlet lean solvent from the 
desorber. In this profile, the temperature of lean amine stream is also higher due to 
the higher temperature of the outlet lean solvent (stream 6). It can observed that 

Solvent Overall CO2 capture 
efficiency, %

Solvent flow rate, 
m3/hr

Regeneration energy, 
GJ/tCO2

Lean loading-rich 
loading

5 M MEA 81.56 28 4.43 0.18–0.47

83.31 31 4.28 0.20–0.47

83.18 32 4.08 0.20–0.47

83.03 35 3.97 0.22–0.47

81.91 40 3.88 0.23–0.47

81.77 45 3.82 0.25–0.47

6.25 M MEA 86.98 25 4.21 0.21–0.48

88.19 29 4.02 0.23–0.48

88.73 32 3.83 0.25–0.48

88.71 35 3.75 0.26–0.48

88.44 40 3.72 0.28–0.48

88.22 45 3.74 0.29–0.48

Table 6. 
The overall performance when increasing reboiler temperature (Trich,feed = 105°C; Tlean = 127°C).
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splitting 20% of the rich solvent to the secondary waste heat exchanger is within 
the optimal range because the temperature gradient becomes flat once the split ratio 
exceeds 80%. In this case, this work specifies a split ratio of 20% for all predictions.

Table 7 presents a comparison of the two split-flow process configurations. The 
comparison highlights the dependency of the process performance on the concentra-
tion of MEA solvent. Split flow #1 is more beneficial for operations with a higher 
concentration solvent due to two primary possible reasons: the physical properties 
of the solvent and the solvent flow rate. In fact, both parameters affect the residence 
time of the fluid in the desorber column, which is the main factor of pressure drop. 
The process with higher concentration MEA requires a lower solvent flow rate, but the 
fluidity issue becomes more severe due to the higher viscosity, as shown in Figure 5. 

Figure 4. 
Temperature profile of 5 M MEA split-flow process configurations.

Solvent Overall CO2 capture 
efficiency, %

Solvent flow 
rate, m3/hr

Regeneration energy, 
GJ/tCO2

Lean loading-rich 
loading

Split flow #1

5 M MEA 
(Benchmark)

80.72 42 4.38 0.27–0.47

6.25 M MEA 85.32 39 4.11 0.30–0.48

7.5 M MEA 87.13 34 4.01 0.31–0.48

Split flow #2

5 M MEA 
(Benchmark)

80.93 42 4.38 0.27–0.47

6.25 M MEA 85.32 39 4.14 0.30–0.48

7.5 M MEA 86.88 34 4.06 0.31–0.48

Table 7. 
Comparison of two Split flow process configurations.
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Solvent with higher viscosity poses challenges for thermal transfer in the reboiler and 
may cause a higher pressure drop due to the longer residence time in the column. For 
Split flow #1, less solvent passes through the packing, which can partially overcome 
the long residence time issue. Compared to the conventional process, the fluidity issue 
is more effectively relieved due to the higher inlet temperature of the rich solvent. 
On the other hand, Split flow #2 is a good design for solvents with lower amine 
concentrations due to the more excellent contact of the hot vapour and solvent in the 
desorber column.

4.3.2  The effect of solvent flow rate on the pressure drop

The pressure drop in the desorber column is greatly affected by the hydrodynamic 
characteristics, which are determined by several factors, including vapour/solvent 
flow rate ratio, temperature, solvent properties and the column size [11]. An optimal 
pressure drop provides an optimal driving force for mass transfer between the solvent 
and gas phase, which promotes the release of CO2 from the liquid phase. However, 
excessive high-pressure drops can lead to flooding and other safety-related opera-
tional issues, reducing efficiency and increasing operational risks.

In general, stripping pressure can significantly affect the amine regeneration 
performance in terms of regeneration energy and efficiency. In this work, the flow 
gas pressure at the bottom section of the desorber column is specified as 200 kPa. 
Figure 6 illustrates the impact of solvent flow rate on the pressure drop for differ-
ent concentrations of MEA operations. Due to the higher inlet temperature of the 
rich solvent feed, Split flow #2 can successfully reduce the pressure drop compared 
to the conventional process. For Split flow #1, the pressure drop reduction is more 
significant due to the column’s higher gas/liquid ratio, making it more practical for 
concentrated solvent operations.

At high solvent flow rate conditions, split-flow processes exhibited a smaller 
pressure drop which ultimately reduces the energy required by the reboiler as it helps 

Figure 5. 
Predictions of solvent viscosity profile from ProMax (Split flow #1).
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maintain a more consistent temperature profile along the desorber, which is critical 
for efficient stripping. Smaller pressure drops decrease the risk of flooding, leading to 
more stable and reliable operation of the desorber.

4.4  The effect of the absorber column on the overall CO2 capture efficiency and 
regeneration energy

When designing a CO2 absorber column using theoretical calculation methods, 
the height and diameter of the column are influenced by different factors related to its 
performance and operational efficiency. The required CO2 capture efficiency primar-
ily determines the height of the CO2 absorber column. This is because the height 
needs to provide sufficient contact time and surface area for the gas and liquid phases 
to interact, allowing the CO2 to be absorbed effectively by the solvent. Theoretically, 
the height is often calculated based on the number of equilibrium stages needed to 
achieve the desired capture efficiency, its influencing factors include CO2 concentra-
tion, solvent type and concentration, and the desired purity of the treated gas. While 
the fluid flow rates of the gas and liquid phase influence the diameter of the absorber 
column. The flooding factor plays an essential role, in measuring the maximum gas 
and liquid flow rates the column can handle before flooding occurs. Flooding issue 
occurs when the gas flow is too high, causing the liquid to be entrained by the gas 
flow, which indirectly leads to a loss of separation efficiency. In this work, as shown in 
Table 2, the base case scenario demonstrates that when the diameter of the absorber 
is set to 1678 mm, it can handle a maximum of 686 E3 m3/day of gas flow.

As shown in Table 8, increasing the column diameter while maintaining the same 
inlet gas flow rate can reduce regeneration energy and increase overall CO2 capture 
efficiency. From this work, it is observed that changing the column diameter reduces 
the flooding issue and indirectly improves the solvent’s CO2 absorption capacity.

4.5  The effect of amine on the overall CO2 capture efficiency and regeneration 
energy

According to previous publications [12, 13], for less reactive amine solvents, 
blending piperazine is a good strategy to increase the reaction kinetics with CO2. 
Additionally, an appropriate volume of piperazine (PZ) can improve the solubility of 

Figure 6. 
Comparison of pressure drop at a varied flow rate.
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CO2 in the liquid phase. However, the use of piperazine may cause solid formation in 
cold regions leading to potential operation risks, and the possibility of solid formation 
is increased by higher the piperazine concentration. Therefore, this work uses only 
1 M PZ to facilitate the amine solvent.

As shown in Table 9, maintaining the amine concentration consistently at 5 M, 
substituting MEA with methyldiethanolamine (MDEA) without the aid of pipera-
zine, reduces the overall CO2 capture efficiency, even though the regeneration energy 
is attractive. When MDEA is substituted by 2-amino-2-methyl-1-propanol (AMP), 
the overall CO2 capture efficiency significantly increases, but the regeneration energy 
also increases. The tri-solvent candidate 2 M MDEA +1 M PZ + 2 M MEA performs 
the best in terms of overall CO2 capture efficiency, regeneration energy, and absorp-
tion capacity. However, it should noted that this tri-solvent is much complex than 
single MEA and other solvent blends, leading to several potential challenges for 

Solvent Overall CO2 capture 
efficiency, %

Regeneration energy, GJ/
tCO2

Lean loading-rich 
loading

Split flow #1

5 M MEA 80.72 4.11 0.27–0.47

2 M MDEA+3 M MEA 77.98 3.26 0.22–0.41

2 M AMP + 3 M MEA 85.11 3.69 0.26–0.48

2 M MDEA +1 M PZ + 2 M 
MEA

90.17 3.29 0.30–0.54

Split flow #2

5 M MEA 80.93 4.11 0.27–0.47

2 M MDEA+3 M MEA 77.98 3.24 0.22–0.41

2 M AMP + 3 M MEA 85.12 3.68 0.26–0.48

2 M MDEA +1 M PZ + 2 M 
MEA

90.17 3.27 0.30–0.54

Table 9. 
Comparison of different 5 M amines in two split-flow process configurations (Solvent flow rate = 42 m3/hr).

Diameter of absorber, 
mm

Overall CO2 capture 
efficiency, %

Regeneration energy, GJ/
tCO2

Lean loading-rich 
loading

Split flow #1

1678 85.32 4.11 0.30–0.48

2678 86.12 3.99 0.28–0.50

3198 88.13 3.89 0.28–0.51

Split flow #2

1678 85.32 4.14 0.30–0.48

2678 86.12 4.01 0.28–0.50

3198 88.13 3.91 0.28–0.51

Table 8. 
Comparison of different diameters of the columns using 6.25 M MEA in two Split flow process configurations 
(Solvent flow rate = 39 m3/hr).
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practical operations. These challenges include maintaining mass balance with make-
up solvent, degradation issues due to more diverse products formed from the reaction, 
and potential solid formation. Once the operators address these challenges, using the 
tri-solvent could be a good strategy.

By comparing the two split-flow configurations, the overall performances are very 
close. From the simulation results, the most sensitive factor appears to be tempera-
ture. Indeed. thermal behaviour in both the absorption and desorption processes is 
important, as it impacts not only the kinetics but also the absorption capacity.

4.6  Variable operating cost analysis

The Variable Operating Cost (VOC) mainly includes the costs of solvent and power 
consumption during the operation. It is an essential indicator in estimating the total 
annual cost of the process. The other two indicators are the fixed operating costs and 
annual capital expenditures. In this study, the VOC analysis shows the influence of amine 
concentration and Split flow process from an economic aspect for practical operations.

Traditionally, the solvent regeneration process accounted for at least 60% of the 
total energy demand in the traditional CO2 capture process without considering 
the work done from the desorbed CO2 compression unit [2, 12]. Among all energy 
consumers in the solvent regeneration process, reboiler is the primary sector. The heat 
required for the reboiler is traditionally provided by the steam regenerator. However, 
with novel waste heat recovery processes, the traditional heat extraction method 
can be partially or completely eliminated. The remaining energy consumers include 
pumps and coolers for liquid and gas, respectively. Figure 7(a)–(c) shows a detailed 

Figure 7. 
Comparative variable operating costs of various process configuration.
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distribution diagram of the VOC contribution. With the application of the secondary 
waste heat recovery system, the duty of flue gas cooler is reduced while the condensa-
tion power and amine cooler are slightly increased. Split flow #1 and Split flow #2 
tend to have similar energy contributions.

Figure 8 displays the comparison of VOC savings with the application of dif-
ferent processes and solvents. By comparing with the benchmark case (5 M MEA 
operation with waste heat recovery process), changing the concentration of the 
solvent is feasible when considering the overall CO2 removal efficiency at a constant 
85%. Even though the application of split-flow with concentrated amine solvent 
exhibited slightly more significant savings, their equipment and retrofitting costs are 
also higher. Two split-flow process configurations exhibit better advantages as the 
overall CO2 removal efficiency increases to 90%. This is based on the assumption that 
increasing the overall CO2 removal efficiency to 90% requires additional heat supply. 
Conversely, the optimal concentration of MEA should be 6.25 M MEA. With the aid 
of split-flow design, 6.25 M MEA can provide greater performance and save more 
energy costs.

For long-term operations, the performance of a carbon capture facility largely 
depends on the lifespan of the solvent and its degradation issues, which can be 
categorized into thermal and oxidative degradation. Current technologies allow 
operators to extend solvent life by adding additives, which can be either homoge-
neous or heterogeneous with the solvent. However, in simulation studies, there is 
a knowledge gap due to the lack of kinetic and thermodynamic data for solvent-
additive interactions. This makes it challenging to accurately model the process 
using the current dataset.

By utilizing a waste heat exchanger in the conventional process, the energy 
demand in the desorption process shifts from heating to cooling, which is beneficial 
for operators. Typically, heating elements in solvent regeneration consume over 60% 
of the total energy in traditional processes. The demand for solvent is closely linked 
to overall efficiency. According to market surveys, the bulk price of MEA typically 
ranges from USD 7–15 per kilogram. If a blended solvent is used, the estimated cost 
increases slightly, as the unit prices of AMP and PZ are generally 3–5 times higher 
than that of MEA. As discussed in the previous section, while blended solvents can 
reduce generation energy, the economic benefits of this reduction are limited due to 
the use of waste heat recovery processes. In this context, the primary option would 
be to optimize the concentration of MEA. However, it is challenging to conclude that 

Figure 8. 
Percentage VOC savings for various process configuration. (Reference case: 5 M MEA operation with 
waste heat recovery process).
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using blended solvents offers no benefits. PZ and AMP are amines with superior ther-
mal stability, which could enhance overall capture stability in long-term operations.

4.7  Limitations of simulation and potential errors

In developing and optimizing carbon capture processes using ProMax, several 
limitations and potential sources of error are considered: (1) Simplified assump-
tions: The simulation relies on thermodynamic models to predict the behaviour of 
the solvent and other process variables. The simulator can indeed predict potential 
risks such as flooding issues and mass and heat balances due to vaporization and 
solvent loss. However, the model may not fully capture the complexities of real-world 
operations, the operating challenges such as foaming issues, fouling and heat loss are 
not considered; (2) Data gaps: the simulation cannot fully account for solvent degra-
dation over time, especially for blended solvents. This can lead to overestimation of 
long-term process efficiency and underestimation of operational challenges; and (3) 
Equipment modeling limitations: The simulation is typically based on steady-state 
conditions, which may not capture the dynamic behaviour, making it difficult to 
model precise stability for 24/7 operations.

5.  Conclusions

This is a simulation study based on the integration of a novel waste heat 
recovery process and a traditional CO2 capture process located in a gas CCS plant 
in Canada. This study comprehensively investigates the improvement of several 
split-flow process configurations while addressing their limitations and advan-
tages. The development of novel process configurations is based on a case of CCS 
facility including the size of the facility area, pipeline, current equipment setup, 
and the shape of the columns. The overall performance of the CO2 capture process 
is evaluated in terms of energy consumption and CO2 removal efficiency. The 
effect of solvent concentration at different temperature and pressure conditions is 
also assessed. In addition, influencing factors such as the type of solvent and the 
size of the column are evaluated based on the given flue gas conditions. The results 
confirm that the selection of solvent concentration and process configuration 
should be considered based on the operating conditions and targeted overall CO2 
removal efficiency.
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Abstract

Unconventional gas resources significantly contribute to the primary production 
of gas supply worldwide. This chapter delves into the complexities and prospects in 
key unconventional gas resources, including coalbed methane, tight gas, shale gas, gas 
hydrates, and hydrogen. It approaches in two directions: (1) theoretical and experi-
mental research and (2) current surveillance methodology, comprehensive modeling 
and simulation, and production practices. A brief introduction and critical literature 
review will be summarized on each unconventional gas resource, followed by an 
analytical discussion, sorted challenges, and potential solutions or opportunities. This 
chapter attempts to provide academia and industry practical insights on the status, 
challenges, and future development opportunities of unconventional gas resources.

Keywords: coalbed methane, tight gas, shale gas, gas hydrates, hydrogen

1.  Introduction

At the beginning of the twenty-first century, a trend of carbon neutrality (aka, 
Net Zero) arose worldwide due to a universal concern about pressing global climate 
changes [1]. Developing and developed countries have been attempting to acceler-
ate the energy transition from conventional fossil fuels toward green sustainable 
resources (e.g., wind, solar, nuclear, and geothermal energies) [2]. Owing to an insuf-
ficient and unstable supply of green sustainable resources resulting from currently 
high operation costs and lacking key techniques and production strategies, methane 
and hydrogen were regarded as the bridge from fossil fuels to sustainable resources 
during this energy transition [3, 4].

In the past decades, methane that is mainly from coalbed methane (CBM), tight gas, 
shale gas, and gas hydrates have attracted abundant attention from academia and indus-
try [5–12]. Hydrogen is thought as the potential alternative resource that could replace 
methane and further decrease carbon emissions [13]. To differentiate from conventional 
fossil fuels (e.g., oil and gas from highly porous or permeable sandstone and carbon-
ate reservoirs), the term “unconventional gas resources” was proposed to refer to gas 
resources (mostly methane) that are not produced using conventional gas production 
techniques (e.g., drilling, injection, and production) and require specific techniques 
for commercial production (e.g., horizontal drilling and hydraulic fracturing) [14]. 
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Unconventional gas resources were also referred to by other scholars as methane 
hydrates, biogas, CBM, flue gas, tight gas, shale gas, synthesis gas (a combined gas 
body of carbon monoxide and hydrogen), biogas, and others [15]. The unconventional 
resource development ensures the energy supply of the currently growing population 
and economics and promotes the realization of Net Zero [16]. Based on the U.S. Energy 
Information Administration’s International Energy Outlook 2023, the global primary 
energy consumption of natural gas in 2025 differs when economic conditions differ [16]. 
In both low and high scenarios, natural gas and coal exhibit a steady to slightly increasing 
trend. Our focus on non-fossil fuel sectors, particularly in other cleaner gas resources 
such as methane hydrates and hydrogen, shows rapid growth compared to other energy 
sources. Global energy consumption is projected to increase from 153 quads in 2022 
to between 170 quads and 241 quads by 2050, presenting significant opportunities for 
unconventional gas exploration and development. In this chapter, we will focus on the 
unconventional gas resources that are sourced from the subsurface (i.e., CBM, tight gas, 
shale gas, methane gas hydrates, and hydrogen).

2.  History of exploration and production of unconventional gas resources

The recognition of CBM is the earliest among unconventional gas resources due 
to the early utilization of coal during human civilization. However, commercial CBM 
production in North America starts in the 1970s [17]. CBM production or even explora-
tion arises later in the beginning of the twenty-first century in developing countries 
following coal mining [9]. Exploration of tight gas and shale gas also rapidly developed 
in the 1990s, owing to successfully established technology and equipment for horizontal 
wells and hydraulic fracturing [18]. Production of tight gas provided a remarkable 
natural gas supply followed by CBM and shale gas before the 1990s. At the beginning 
of the twenty-first century, production of tight gas and CBM remained stable after 
slight increases around 1995 and 2005 [19]. After 2012, production of shale gas sped 
up and continuously increased, beyond that of tight gas and CBM [19]. This successful 
exploration and production of shale gas (also called the shale gas revolution) resulted in 
the United States becoming a net natural gas exporter in 2017. Exploration and produc-
tion of shale gas attracted developing countries’ attention since the shale gas revolution 
[20–22]. Exploration of gas hydrates develops slowly and currently remains in the stage 
of geological assessment [23]. Production of gas hydrate also stays in the stage of testing, 
urgently in need of breakthrough of equipment and production strategies [24–26]. The 
study of hydrogen recently started to attract increasing attention because of the carbon 
neutrality universal agreement at the Paris Climate Conference in 2015 [13]. Currently, 
commercial exploration and production of hydrogen have not started yet due to the 
immaturity of the hydrogen research, but these activities will arise along with a deeper 
understanding of hydrogen generation and accumulation in the following decades.

3.  Theoretical and experimental insights on unconventional gas resources

3.1  Coalbed methane

CBM refers to mainly adsorbed methane that was generated and accumulated in 
coalbeds. Theoretical and experimental development in CBM mainly includes genera-
tion, accumulation, petrophysical characterization, and assessment.
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Based on hydrocarbon’s theories of organic origin, experimental simulation of 
organic matter (OM) thermal maturation was often employed to investigate the 
products of various types of OM (i.e., kerogen) at increasing thermal maturities. 
Type III OM generates CBM, including mainly methane (often >95%), minor C2+ 
hydrocarbons, carbon dioxide, and nitrogen [27]. Organic macerals mainly consist 
of vitrinite, inertia, and liptite. The composition of generated CBM is consistent 
with predominant methane regardless of the thermal maturity of OM [9]. Like 
conventional OM maturation, CBM can be either primary or secondary (due to 
tectonic uplifting) biogenetic when vitrinite reflectance (RO) is lower than 0.6% 
or located in shallow depths where bacteria can reach. Also, CBM can be ther-
mogenic when OM experiences thermal degradation or cracking when vitrinite 
reflectance (RO) is higher than 0.6%. Key compositional and isotopic parameters 
(e.g., C1/C2+, δ13C1, δD) were often used in cross-plot plates to determine the CBM 
genesis [9, 28–30].

Different from conventional trap theories, self-generation and accumulation 
theories were proposed with no clear trap boundaries [31]. CBM mainly accumulates 
in stable structural low, for example, the center of a syncline. The richness of CBM 
decreases from the deep center to the shallow flanks and increases along with the 
coal rank (i.e., thermal maturity). According to high-pressure gas adsorption experi-
ments, the storage states include mainly adsorbed state (accounting for 70–95%), 
free state (10–20%), and dissolved state (rare). CBM corresponds to the occurrence 
of coalbeds in Carboniferous-Permian (~40%), Triassic-Jurassic (~10%), and 
Cretaceous-Paleogene (~50%) due to the prosperity of terrestrial vascular plants after 
the Devonian [9].

Petrophysical characterization facilitates the theories of pore evolution. 
Experimental research mainly includes characterizations of coalbeds’ matrix pore 
systems for gas storage and fracture networks for gas flow. Techniques in petro-
physical characterization include low-pressure gas (e.g., N2 and CO2) adsorption 
isotherms, high-pressure mercury injection porosimetry (MIP), nano- or micro-
computed tomography (CT), and field emission or focused ion beam scanning 
electron microscopy (FE/FIB-SEM). For CBM, the classification of pores proposed 
by Xодот [32] is often used based on industrial adsorbent: micropores (<10 nm), 
tiny pores (10–100 nm), mediate pores (100–1000 nm), and large pores (>1000 nm) 
[32]. Another classification of pores is also often adopted and proposed by the 
International Union of Pure and Applied Chemistry (IUPAC) based on mutual 
interaction between the adsorbent and adsorbate molecules in 1972: micropores 
(<2 nm), mesopores (2–50 nm), and macropores (>50 nm) [33]. The IUPAC clas-
sification is also widely used in shale. To keep consistency, we adopt the IUPAC 
classification in this chapter. At shallow depth (Ro ≤ 0.5%), primary macropores and 
mesopores mainly developed resulting in a high porosity. Along with the coal rank 
(e.g., bituminous coal, Ro ~ 1.5%), primary micropores become dominant and possess 
the lowest pore volume and specific surface area [34]. With the coal rank increasing, 
secondary micropores and mesopores develop, resulting in a growth of microporosity. 
On the other hand, three major fracture types are widely developed in coalbeds: (1) 
endogenetic fractures (e.g., face and butt cleats) due to an internal tensile force cre-
ated by compositional and structural variation, volume shrinkage, and coalification; 
(2) exogenetic fractures due to structural stress; and (3) inherited fractures showing 
both endogenetic and exogenetic features. The heterogeneity of fracture permeability 
is extremely high even in different blocks in the same basin. Fracture permeability 
decreases exponentially along with burial depth [9].
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Efforts in precise assessment of CBM reserves started in the 1970s. A series of 
static and theoretical methods were employed to obtain the relationship between 
desorption and time based on in-situ measured desorbed data [35–39]. As such, the 
kinetic theories of gas desorption were being developed through canister desorption 
experiments (CDE) [3]. In shallow coalbeds, the gas-in-place (GIP) can be acquired 
based on the amount of desorbed gas, which is linearly proportional to the square 
root of the time of desorption based on CDE observation and data fitting. For deep 
CBM, a curve-fitting method by Yee et al. [39] was proposed based on Fick’s diffusion 
theory [39]. Recently, a quasi-Langmuir kinetic theory was proposed for the relation-
ship between desorption and emission time, providing a more precise and practical 
solution for estimating the CBM GIP [3].

3.2  Tight gas

Tight gas mainly refers to methane in tight sandstone formations, sometimes in 
tight carbonate formations, with a permeability of <0.1 mD and a porosity of <10% 
[40, 41]. Other alkane gases (C2–4) and non-hydrocarbon gases (CO2 and N2) are in 
low volume fractions. Theoretical and experimental research on tight gas is based 
on previous conventional generation-migration-trapping theories of sandstone and 
carbonate.

Novel theoretical research on tight gas is the mechanisms of accumulation, for 
example, the time order of gas accumulation and reservoir tightness. As such, based 
on field observation and simulation experiments, Jiang et al. [42] divided tight gas 
reservoirs into two types: (1) reservoir tightness occurs before hydrocarbon peak gen-
eration, expulsion from source rocks, and charging into reservoirs; and (2) reservoir 
densification occurs after hydrocarbon charging and accumulation in reservoirs [42].

Recent studies also focused on the mobility of fluids and pore structure (i.e., storage 
space) in the theory of accumulation [43–45]. Low-field nuclear magnetic resonance 
(NMR) coupling high-pressure mercury injection porosimetry (MIP) is useful in 
determining the movable fluid capacity, heterogeneity of pore systems, and fractal 
characteristics of tight gas formations [44–45]. On the other hand, ultra-small-angle 
or small-angle neutron scattering (USANS/SANS) and low-pressure gas (N2 and 
CO2) adsorption isotherms for characterization of pore structure in shales were also 
employed in tight gas to reveal the pore size distribution of tight gas reservoirs [46, 47].

Based on reservoir characteristics and structural location, Dai et al. [7] observed 
two types of tight gas reservoirs and enriched tight gas’ accumulation-trapping 
theory: (1) ones (called continuous-type) located in structural low (e.g., syncline 
flank) with reversed gas-water distribution (i.e., gas below water) and indistinct 
trap boundaries and (2) the others (called trap-type) located at the structural high 
of a trap with low porosity and permeability [7]. Usually, tight gas possesses a lower 
natural productivity than commercial gas production, requiring specific economic 
and technical conditions.

3.3  Shale gas

Shale gas refers to adsorbed, free, and dissolved natural gas (also mainly methane 
with minor C2–4 and non-hydrocarbon gases, CO2, and N2) in shale. Due to the tight 
and fine nature of shales, the heterogeneity of its composition and microstructure is 
extraordinarily high as it can contain the most common sedimentary minerals and 
develop abundant nanopores and micropores in OM and inorganic minerals [20, 48–49]. 
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Theoretical and experimental research on shale gas dramatically increased at the begin-
ning of the twenty-first century, mainly involving organic petrology, petrophysics, 
geomechanics, reserve assessment, and rock-fluid interactions during and after hydrau-
lic fracturing.

As a major constituent of the generation theory, OM is critical for shale gas as 
a number of nanopores in OM provide extremely high specific surface area for 
adsorption sites. Since Curtis et al. [50] observed that the phenomenon of two 
adjunct organic particles developed pores differently under the same geological 
conditions, the effects of organic petrology on pore development in OM began to 
attract researchers’ attention [50]. Loucks later suggested that OM (mainly kero-
gen) provided organic pores [8]. Bernard et al. [51] further proposed that solid 
pyrobitumen could also be another source of organic pores [51]. Recently, Gao et al. 
[52] separately observed different organic particles under oil-immerse reflect light 
microscopy and found that along with different thermal maturities, most organic 
particles would evolve to develop organic pores but be differently impacted by the 
same burial depth [50].

For the theory of pore development, sedimentary facies and diagenesis result 
in the petrophysical difference of the shale matrix due to spatial distribution and 
pore evolution of organic and inorganic particles [22, 53–55]. OM was long thought 
to be important as it will develop remarkable micropores and nanopores through 
thermal maturity [6, 56]. Different types of OM possess a different threshold of pore 
development, for example, for type II kerogen, the OM starts to generate pores when 
Ro > 0.9% [12]. Pore volume in OM will first increase and then decrease at the over-
mature stage due to compaction. Clay minerals were later regarded as another signifi-
cant source of micropores and nanopores, especially in organic-lean shales [57, 58].

As for geomechanical theory, the compositional and spatial distribution of organic 
and inorganic particles determine the geomechanics of shales. For instance, Benge 
et al. [59] recognized clay-rich (clays, ~29 wt %) Caney Shale intervals in southern 
Oklahoma to be of a Poisson’s ratio > 2.5, a low resistivity, and a high gamma [59]. 
The clay-rich ductile shale intervals experienced more creep behaviors than reservoir 
intervals (calcareous, with clays 13.5 wt%) under stress. Xiong et al. [60] followed 
research on Caney Shale’s spatial distribution and found that the microscale quartz 
particles were embedded inside the flexible clay background for the clay-rich ductile 
shale intervals, explaining why this ductile interval would experience more creep 
behaviors than the rigid reservoir intervals in which most rigid particles contact each 
other with clays in the interparticle space [60].

Shale gas reserve assessment is commonly based on the estimation of GIP through 
experimental measurements of the gas-bearing capacity of cores. The occurrence of 
shale gas includes free gas that can be estimated by pore volume and state of equa-
tions, adsorbed gas that is estimated by specific surface area and adsorption predic-
tion under reservoir conditions, and dissolved gas that is estimated from dissolution 
of methane in OM and fluids [61, 62]. In practice, dissolved gas was often thought 
of as negligible, and only the other two were calculated. The pore volume of cores 
can be obtained by helium porosity measurements or gas adsorption isotherms. 
Pore-specific surface area is usually measured by low-pressure nitrogen and carbon 
dioxide adsorption isotherms. In gas fields, another technical workflow was also 
employed to obtain the GIP. The fresh cores were once uplifted to the surface in situ 
and quickly placed in an air-tight canister that was filled up with an over-saturated 
NaCl solution for canister desorption testing, to obtain the desorbed gas [3]. The 
measured desorption-time relationship is used to predict the lost gas during the 
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recovery of cores inside the wellbore. The cores after canister desorption testing are 
crushed to obtain the residual gas in the lab. The sum of desorbed gas, lost gas, and 
residual gas provides the GIP as well.

The theory of rock-fluid interactions along with shales’ tight nature and creep 
behaviors may explain the fast decline of shale gas production curves. To obtain com-
mercial production of shale gas, horizontal wells and hydraulic fracturing were often 
used in shale gas fields. However, over 50% of injected hydraulic fracturing fluids 
will remain in shale formations and react with shale matrices. Based on batch reactor 
analysis, Awejori et al. [11, 63] observed the shift of brittleness toward ductility on 
mineralogy and fracture walls for both short-term (interactions between hydraulic 
fracturing fluids and shale matrix) and long-term (interactions between mixed 
fracturing and formation fluids and shale matrix) [11, 63]. Pyrite is readily reacted 
with dissolved oxygen in the injected fracturing fluids, generating an acid setting that 
will dissolve the carbonates and feldspars and form fine shitty clay pieces.

3.4  Gas hydrates

Gas hydrates refer to ice-like clathrates, inclusive chemical compounds with 
ordered water molecules forming host cavities and gases (e.g., CH4, CO2, H2S, and 
C2H6) as guest molecules. In nature, as part of generation theory, gas hydrates occur in 
permafrost regions and continental margins at a low-temperature and a high-pressure 
environment often with structure I (primary), structure II, and structure H. In a seis-
mic profile, the gas hydrate-bearing formation can be often recognized by a bottom 
simulating reflector (BSR) that reveals the base of the hydrate. However, these BSR 
indications are not always accurate in determining the presence of hydrates [5]. Those 
structures represent different arrangements of water molecules, resulting in different 
cavities in size and geometry for guest molecules. Since gas hydrate was discovered 
in a lab in the early nineteenth century, gas hydrate has not yet been commercially 
exploited due to high operation costs, potential environmental risks, and the absence 
of production strategies and equipment. Recently, research on gas hydrates gave rise 
to potential production as an energy alternative because methane emission lowers the 
climate change issue, and causes submarine slope geohazards due to dissociation [5].

A unit volume of fully saturated gas hydrate under standard conditions provides 
~164 m3 methane, resulting in a high 50 probability reserve of over ~2000 trillion cubic 
meters [64]. Recently, production testing has been attempted in North America, Japan, 
Northern Europe, China, Korea, and India. However, the production of gas hydrates still 
did not last long due to the increasing production of sand and water along with recovery. 
Until now, the longest production testing can last for ~2 months [25].

If gas hydrates were melted by global warming and lease methane for a decade, the 
greenhouse gas amount would be 10 times that in the atmosphere [64]. Other scholars 
suggested that such release of hydrate-host methane may not be abrupt and massive 
as the found gas hydrates often locate a kilometer deep below the seafloor; however, 
it will be chronic and potentially contribute to a long-term greenhouse emission. 
Producing methane and storing CO2 simultaneously in gas hydrates recently provided 
another alternative for satisfying both energy demand and carbon neutrality.

A few degrees Celsius warming up of a seafloor will result in a dissociation of shal-
low vulnerable gas hydrates. As the shallow gas hydrate often occurs in the pore space 
and serves as cement for loose sedimentary particles, the dissociation of gas hydrates 
will decrease the geomechanics of especially slope gas hydrates, causing instability 
(e.g., bulk change) and slope failure [23, 65].
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3.5  Hydrogen

After a universal agreement on carbon neutrality at the Paris Climate 
Conference in 2015, hydrogen, together with carbon capture, utilization, and 
storage (CCUS) and geothermal resources, started to attract increasing attention 
of academia and industries in the 2020s [1, 4, 13]. Compared to methane, hydrogen 
was regarded as the better alternative after methane to economically utilize renew-
able resources for energy supply. A whole chain of hydrogen sectors is building 
up in the pioneering countries, involving generation, transportation, storage, and 
utilization of hydrogen at the research level. Overall, the exploration of hydrogen 
has just started at the assessment stage, and exploitation of hydrogen is also at the 
beginning stage except for some localized hydrogen usages (e.g., Bourakébougou in 
Mali, West Africa) [1]. Recently, theoretical and experimental insights on hydro-
gen mainly involve generation theories of hydrogen and subsurface geological 
storage of hydrogen.

In hydrogen generation theories, various techniques/processes are recognized 
to form all kinds of hydrogen nowadays, including electrolysis (green hydrogen), 
hydrocarbon reforming (gray/blue hydrogen), geological process (gold/white hydro-
gen), and anthropogenically geochemical stimulation (orange hydrogen). Natural 
hydrogen generated by geological processes (e.g., serpentinization) was thought to 
be promising with the lowest cost among all the techniques [1]. For instance, when 
water contacts ultramafic rocks (iron-rich and magnesium-rich olivine as the main 
constituent), olivine first experiences hydration, generating serpentine and brucite, 
which forms hydrogen through oxidation. Those interactions are common and closely 
related to plate boundaries, for example, transform faults, subduction zones, mid-
ocean ridges, ophiolite complexes, and fold belts. Decomposition of OM, radiolysis, 
seepage from the deep mantle, and microbial metabolism can also produce hydrogen 
in geological processes.

Small quantities and frequent usage of hydrogen require storage by high-pressure 
tanks, metal hydrides, ammonia, and liquid organic hydrogen carriers. Due to high 
operation costs and low economic issues, the aforementioned techniques were not 
widely employed yet. Large-scale hydrogen storage uses subsurface salt caverns or 
depleted hydrocarbon reservoirs, with the advantages of low maintenance cost, estab-
lished technology, and long-term integrity. To date, subsurface storage of hydrogen 
is still at a testing stage and only a couple of cases were successful, for instance, the 
subsurface hydrogen storage programs in depleted hydrocarbon reservoirs in Molasse 
Basin in Austria and Diadema region in Argentina.

4.  Development of unconventional gas resources

Producing from CBM, shale gas, and tight gas reservoirs involves the hydraulic 
fracturing process conducted from horizontally drilled wells. Gas hydrate and hydro-
gen development and production, on the other hand, rely on different approaches. 
Thus, Section 4 is subdivided into three major sections: Section 4.1 will introduce the 
development of CBM, tight gas, and shale gas as a group because of similar technolo-
gies for their development strategies; we detailed their development surveillance 
methodology and simulation technologies in two subsections under Section 4.1. 
Following the above group, Section 4.2 and Section 4.3 will introduce the develop-
ment of gas hydrate and the development of hydrogen, respectively.
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Key completion 
parameters

Impacts Typical values

Well spacing Production drainage among neighbor wells [73]. 400–600 ft. [74], 660 ft. 
[75]

Lateral length Contact drainage between the well and 
the formation [76].

6700 ft. [75], 5000–
12,500 ft. [77]

Stage spacing Completion efficiency, number of clusters within a 
stage [78].

190–320 ft. [75], 
150–300 ft. [79]

Average cluster number 
per stage

Completion efficiency, cluster efficiency [80]. 6–10 [75]

Cluster spacing Drainage between the fractures and cluster 
efficiency [80].

32 ft. [75], 10–20 ft. [79]

Pump rate Facture net pressure, affects fracture geometries, and 
proppant carrying capacity [81]

100 bbl/ft. [75]

Proppant intensity Propped fracture geometry [82] 1500–2500 lbs./ft. [79]

Fluid intensity Gross fracture geometry and proppant carrying 
capacity [83]

35–80 bbl/ft. [79]

Proppant mesh Proppant transport efficiency, effective fracture area, 
and fracture conductivity [84]

100 mesh [80]

Table 1. 
Important completion parameters for tight gas reservoir development.

4.1  Coalbed methane, tight gas, and shale gas

The challenges of CBM, tight gas, and shale gas development encompass environ-
mental, political, and technical aspects. These include, but are not limited to, poten-
tial groundwater pollution, greenhouse gas emissions, market sensitivity to natural 
gas prices, high uncertainty in subsurface reserves, and pressure from carbon net-
zero goals [66–68]. As of 2017, the United States, the largest CBM producer, generated 
1.76 trillion cubic feet of methane, contributing 3.6% to its total dry gas production 
for the year [69]. Similar to shale gas development, CBM extraction heavily relies on 
advancements in horizontal drilling and hydraulic fracturing technologies [31, 70].

The integration of horizontal drilling and multi-stage hydraulic fracturing has 
unlocked the potential of unconventional gas reservoirs, especially low permeability 
reservoirs by creating intricate networks of highly permeable fractures within the 
rock formations [71, 72]. Proper drilling, well design, and completion parameters lead 
to effective well completion and cluster efficiency, optimizing gross-to-net fracture 
geometries and ultimately enhancing reservoir drainage and production. The key 
engineering factors are summarized in Table 1.

4.1.1  Coalbed methane, tight gas, and shale gas surveillance methodology

The critical questions in unconventional gas development include (1) ensuring 
effective hydraulic fracture geometry; (2) assessing the ability of current methods to 
generate propped fractures effectively; (3) determining if the created fractures enable 
multiple benches to drain simultaneously; (4) optimizing the fracturing sequence 
of multiple horizontal wells; and (5) evaluating the impact of proppant, fluid, and 
cluster designs on completion quality and efficiency [85]. Addressing these questions 
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necessitates pilot field designs coupled with sophisticated surveillance methods. This 
section will introduce microseismic monitoring, distributed acoustic sensing, radio-
active tracer, distributed temperature sensing, and time-lapse geochemistry in detail.

Microseismic monitoring records the shear slippage of rock bedding planes and 
natural fractures during hydraulic fracture propagation. The microseismic “events” 
recorded provide direct indications of the formed fracturing system. This application 
provides fracture half-length, height, asymmetry, azimuth, and volume estimates and 
is therefore commonly used for fracturing model calibration, as shown in the study by 
Cipolla and Li et al. [86, 87].

Distributed acoustic sensing (DAS) has been recently utilized for fracture hit and 
fracture geometry estimation. It can be implemented at treatment wells and nearby 
far-field vertical and horizontal wells. From near-wellbore measurement, during the 
fracturing process, the color in the LF-DAS plot represents the acoustic energy level 
(hotter represents a higher energy level), which indicates the cluster efficiency and 
fluid distributions. The far-field DAS takes low-frequency DAS (LF-DAS) data as the 
fiber strain rate changes during the fracturing. From horizontal treatment wells, the 
effectiveness of stimulation, zonal isolation, and cluster efficiency can be dynami-
cally evaluated. If hydraulic fractures propagate and intersect with offset horizontal 
wells, a fracture hit occurs, providing insights into the half-length of the hydraulic 
fractures. If no intersection occurs, the fracture process zone can be evaluated instead 
[88]. The vertical fiber well is usually used to evaluate the fracture height growth and 
fracture tips (Table 2) [89].

The first implementation of down-hole DAS was conducted in February 2009 by 
Shell in Canada. The most important advantage of it over other classical surveillance 
tools is that DAS offers real-time and dynamic responses to advise the fracturing 
operation in place. An example of comprehensive DAS implementation practice can 
be found in the work of Manchanda et al. [80]. They implemented both near-wellbore 
horizontal treatment wells and far-field offset horizontal and vertical wells to evalu-
ate the performance of stimulation work as a whole. The fracture heights upper 
limits, fracture gross geometries, and the fracture hits along the whole wellbore are 
diagnosed.

Radioactive tracers, utilizing various isotopes, are mixed into the fracturing fluid 
at different stages of the hydraulic fracturing process. Logging and imaging tools are 
then employed to assess the radioactivity of the near-wellbore area, providing insights 
into the wet fracture geometry and the distribution of proppants based on the varying 
radioactivity of the isotopes used. However, this indirect method may introduce 
significant uncertainties, as some compounds could settle during the process. These 
tracers can be recovered from nearby wells early in the production phase, indicating 

DAS Installation Information obtained

Horizontal treatment well 
(near-wellbore)

Effectiveness of stimulation, zonal isolation effectiveness, cluster efficiency, 
and dynamic change during the treatment [88].

Offset horizontal well
(far-field)

Fracture hit, treatment well wetted fracture half-length board range [90], 
fracture process zone if minimal intersection [88].

Offset vertical well
(far-field)

Treatment well fracture height [83], vertical growth of fracture tip [89]

Table 2. 
DAS Installation location and associated obtained information summary.
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inter-well communication. The extent of this communication elucidates the complex-
ities of the fracture system and may also be influenced by the production sequence 
or strategy [85]. Radioactive tracer aligns well with novel concepts of development 
and operation, therefore, it plays an essential role in reservoir evaluation. It is also 
relatively cost-efficient and requires less effort for implementation and monitoring. 
However, the radioactive tracer may not be a reliable source of surveillance method at 
high temperature reservoirs.

Since the late 2000s, Distributed Temperature Sensing (DTS) deployment has 
been utilized to monitor the movement of fracturing fluid during and after hydraulic 
fracturing. This technology converts induced short pulses in the fiber into molecular 
vibrations. The resulting light signals are backscattered at various wavelengths. 
Temperature is evaluated based on the intensity ratio of high backscatter light wave-
lengths. DTS can effectively assess cluster efficiency, fracture height, and vertical 
reservoir coverage in hydraulic fracturing operations [90].

Time-lapse geochemistry (TLG) is a well-established technique for monitoring 
well drainage height, well interference, and completion effectiveness. It involves trac-
ing and deriving information about reservoir fluids, completion fluids, and reservoir 
rock characteristics during production periods using geochemical analysis. This 
methodology is instrumental in allocating production across vertical sections. For 
example, geochemical interpretation can provide insights into the vertical coverage 
of wells that land in different zones, as well as the production contributions from 
various reservoir benches [85]. TLG is another relatively economical technique for 
drained rock volume (DRV) evaluation, and the established DRV variations caused 
by geological variations of the subsurface can be even captured, showing DRV’s high 
resolution diagnostic feature. Thus, it has been widely used across the United States, 
especially in Powder River Basin Niobrara and Turner tight oil [92], Permian [85], and 
Permian Delaware Basin [91].

Other tools are not discussed in detail and are not limited to pressure gauges, pro-
duction logging, wellbore imaging technology, and others. Most tools are applied in a 
combination manner with other surveillance technologies as they give multiple layers 
of confidence in the analysis [93]. Thus, the ensemble of surveillance tools sometimes 
requires high investments, rapid data processing, and gigantic visualization power, 
while the comprehensive interpretation of multi-dimensional measurement reduces 
the ambiguity of the measurement and interpretations from the single tool.

4.1.2  Coalbed methane, tight gas, and shale gas modeling and simulation

The development of coalbed methane, tight gas, and shale gas using simula-
tions mainly evaluates the tight or low permeability formations. Thus, the modeling 
processes of integrated systems are usually convertible among these energy types.

To address critical development questions such as estimating original hydrocarbon 
volumes, understanding fracture drainage behaviors, optimizing completion prac-
tices, determining optimal landing depths, evaluating uncertainties, and decipher-
ing production driving mechanisms, a modeling workflow is indispensable. This 
workflow is designed to represent the static reservoir subsurface and simulate its 
dynamic development processes. However, due to the complexity of the development 
chain and the diverse challenges posed by physics, there is a trade-off. This trade-off 
involves balancing the accurate representation of interconnected real-world physics 
problems with the computational capacity needed to construct an integrated work-
flow capable of analyzing these problems comprehensively and effectively.
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The philosophy of integrated tools can be traced back to the original Integrated 
Asset Modeling (IAM), which covers the combined subsurface production phase and 
surface engineering modeling phase. This workflow attempt was pioneered by Amoco 
in the 1960s. Later, IAM was applied to a 3D black oil reservoir by Emanuel and 
Ranney [94]. The focus of this approach gradually transits from integrated modeling 
workflow including surface back to subsurface only right after the U.S. unconven-
tional horizontal well hydraulic fracturing activity takes off. The hydraulic fracturing 
element is added to the picture.

The modern integrated geology and engineering simulation workflow has been 
recently adopted to overcome the barriers between geology, petrophysical aspects, 
and completion and production realms. Bringing geomodel, stress distribution 
model, fracturing simulation and reservoir simulation together enables a successful 
optimization process and reliable development strategy decision-making (Figure 1).

The initial step typically involves constructing a static geological model. This pro-
cess integrates multiple well data from the geomodel with 3D seismic data to establish 
both structural and stratigraphic models. Subsequently, 1D well logs are used to 
populate the petrophysical and geomechanical properties onto the 3D geomodel, 
thereby creating reservoir grids. This comprehensive approach forms the foundation 
for subsequent dynamic reservoir simulations and analyses [95, 96]. The in-situ stress 
derived from 1D well log data typically utilizes sonic logs and density logs, which are 
calibrated using measurements such as Dipole Shear Sonic Imaging Tool (DIFT), core 
measurements, and other data sources. This process aims to accurately capture the 
stress distribution within the reservoir.

Following the creation of grids suitable for fracture propagation modeling and 
flow simulation through upscaling, the process typically involves a closed-loop itera-
tion. This iterative approach refines geomechanical property calibration for fracture 
propagation models and reservoir property calibration for flow simulations.

These calibrations are informed and constrained by a wide array of surveillance 
tools utilized in previous stages. This iterative refinement ensures that the models 

Figure 1. 
Integrated workflow illustration.
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accurately reflect the behavior of fractures and fluid flow within the reservoir, 
enhancing the reliability of predictions and optimization strategies.

To point out several examples of aforementioned applications, Wu et al. [97] 
used the G&G model-driven approach to evaluate the screen-out causes, fracture 
hit route cause, and search the solution to mitigate casing deformation from the 3D 
stress distribution and natural fracture characterization [97]. Mclntyre et al. [98] 
used a similar workflow to evaluate the effect of fracturing order to fracture height 
growth for stack development and further found the effect of completion parameters 
to return on investment (ROI) and net present value (NPV) of future child wells 
[98]. Li et al. [87] evaluated three wells’ fracturing systems and thereafter calibrated 
the hydraulic fracture and activated natural fracture from microseismic signals, then 
the gas production performances and stimulated reservoir volumes of the three wells 
were carried out [87]. Han et al. [99] applied this workflow to capture the parent–
child effects of wells on Hydraulic Fracture Test Site-2 [99]. The Estimated Ultimate 
Recovery (EUR) from various methods, such as calibrated simulation models, rate 
transient analysis, and decline curve analysis, is compared. Additionally, three 
completion designs were evaluated based on current well spacing using the calibrated 
model. It was concluded that the intermediate completion design effectively creates a 
robust fracture network within the well system.

The proposed workflow is then used to evaluate the pad development problems, 
including fracture-driven interaction, new well planning, and well planning. The rep-
resentative works can be found in the studies by Wu and Xiong et al. [100–101]. There 
are abundant commercial and non-commercial software programs/codes capturing 
the discrete physics problem in Figure 1. However, there are only a few options to 
simulate the fracture propagation processes and reservoir production performance in 
a workflow manner. The commonly used platform involves the Resfrac, Zfrac-RE, and 
Kinetix-Intersect model by Schlumberger.

4.2  Gas hydrate

Due to the complex depositional environment of methane gas hydrates in 
Permafrost and deep-water areas, gas hydrate extraction is still challenging. The 
main approaches for natural gas hydrate recovery include depressurization, heating, 
inhibiting, CO2 replacement, and solid exploitation.

4.2.1  Gas hydrate surveillance

Unlike the CBM, tight gas, and shale gas, the gas hydrate development is still not 
mature. The most widely used surveillance of gas hydrate exploration is seismic. It 
detects the structural characteristics of the reservoir and the gas hydrate-bearing 
zones. The presence of hydrate is usually indicated by the bottom simulating reflector. 
The bottom simulating reflector is caused by the high impedance mismatch between 
hydrate-bearing formation and free gas-bearing formation below the hydrate zone. 
The electromagnetic survey is another tool for gas hydrate exploration because the 
porous media natural fluid and the hydrate have different electromagnetic responses. 
The well logs and core analysis are usually used for hydrate formation analysis and 
characterization.

Determining the high-quality hydrate reservoir and evaluating the hydrate recov-
ery rate rely on developing marine exploration methods. Even though the seismic 
survey for the exploration of hydrate has been adopted, the reliability of seismic 
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results to the hydrate reservoir is still questionable. Developing the numerical simula-
tion workflow for gas hydrate production is still urgent [102].

4.2.2  Gas hydrate simulations

The gas hydrate reservoir production involves fluid flow, heat transfer, and 
mass transport combined with physics processes. The solid phase vanishing could 
potentially happen during the process. Most of the previous simulation work mainly 
focuses on physics-behavior modeling. We summarized some of the pioneer physics-
based numerical simulations of gas hydrate in Table 3.

Recently, the field-scale methane gas hydrate production simulation is arising. Taking 
the spatial variation of depositional layers and time-dependent thermal dynamic condi-
tions into consideration, the UMSICHT HyReS is developed to simulate the methane 
production from hydrate reservoirs exchanging methane by CO2. The commercial 
simulator STARS from CMG Ltd. can also simulate the aforementioned processes. To 
highlight a few representative recent production-level studies, Li et al. [107] numeri-
cally simulated the radial jet drilling technology for offshore South China Sea gas 
hydrate recovery [107]. Zhang et al. [108] evaluated gas production from gas hydrate 
deposits with multiple branch wells and evaluated the effect of the reservoir perme-
ability, and initial hydrate saturation to gas production rate using the open-source code 
HydrateResSim (HRS) [108]. Myshakin et al. [109] used TOUGH + Hydrate code to build 
a 2D model to evaluate the gas production from the depressurization process in interbed-
ded turbidite hydrate-bearing section in offshore India [109].

4.3  Hydrogen

Currently, 95% of hydrogen consumption originates from fossil fuels, especially 
from natural gas. Hydrogen production from natural gas requires a steam forming 
process, happening at extreme temperature conditions, i.e., 700–1000°C. Generating 
a unit mass weight of hydrogen emits 10 times the amount of CO2 during this process 
[110]. In addition, the cost of generating hydrogen through steam reforming is three 
times higher than natural gas [111].

Hydrogen production simulation: The current hydrogen production simula-
tion is mainly focusing on electrolysis hydrogen production. One example includes 
ProSimPlus software that can simulate the electrolysis of water and optimize the 
entire process. The simple approach is to build the material and energy balances by 
considering the possible recycling of electrolyte solutions and purges. Depending on 

Researchers Process Main contributions

Sung et al. [103] Depressurizing gas hydrate 3D multiphase finite difference numerical model

Kono et al. [104] Depressurizing gas hydrate 
dissociation

Methane gas hydrate dissociation rate in porous 
medium

Jang and Santamarina 
[105]

Depressurizing and thermal 
stimulation

Coupled gas diffusion and fluid expansion behavior in a 
pore network modeling method

Xu et al. [106] Hydrate decomposition Methane hydrate decomposition in brine solution using 
molecular dynamics simulation

Table 3. 
Examples of gas hydrate simulation at the physics fundamental level.
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the operation condition and technologies, the efficiency and electrical features, such 
as voltage, current, and electrical power can be used. Other commercial software 
and non-commercial codes that model the hydrogen production simulation include 
the Aspen Plus model, H2A: Hydrogen analysis production model, H2FillS hydrogen 
filling simulator, and others.

5.  Challenges in unconventional gas resources

Theoretically and experimentally, challenges in unconventional gas resources 
arise in different topics due to the level of exploitation. For CBM, the techniques, 
workflow, and criteria of exploration and production had been well established. The 
remaining challenges will be an accurate assessment of GIP and environmentally 
friendly enhancement of the recovery of CBM. Petroleum industries used to produce 
gas from sandstone. As such, research on tight gas mainly aims to study the gas mobil-
ity and enhance its recovery. Currently, the exploitation of shale gas is playing a major 
contribution to the natural gas supply in the United States. The remaining challenges 
of shale gas are to precisely assess its GIP and better understand microscale mecha-
nisms of rock-fluid interactions, attempting to resist the fast production decline. As 
for gas hydrates, the major challenges are to precisely estimate its GIP and develop 
equipment and production strategies to stably and safely extract methane for a long 
period. The impacts of gas hydrates dissociation on marine and the atmosphere will 
also require continuous efforts. In the near future, economic generation, large-scale 
long-term storage, safe and sufficient transportation, and efficient usage of hydrogen 
will all be pressing challenges to be addressed by scientists and engineers together.

From a technical perspective, the reliable methods of gas hydrate reservoir iden-
tification, reservoir characterization, mechanical stability from hydrate dissociation, 
and natural gas transportation from hydrate recovery location remain unsolved. The 
challenge of hydrate recovery entails controlling the proper hydrate recovery rate, 
which leads to the stability of the economic potential. These recovery uncertainties 
are caused by the pore and stress stability issue due to the pore pressure change, 
permeability reduction, sediment softening and volume contraction, and segregated 
hydrate volume [63]. One of the challenges involved in hydrogen energy production 
is the high cost, low efficiency, and less durable electrolyzers; thus, advanced reform-
ing and gasification are needed. The storage of hydrogen requires large-scale storage, 
including onsite bulk emergency supply and geologic formations. The economical 
dynamic response has yet to be realized to optimize storage strategies for co-locating 
stored hydrogen with end-use applications.

6.  Opportunities in unconventional gas resources

Decarbonization for energy transition and carbon neutrality will be the trend 
for the following decades. Before the economic generation of hydrogen for fuel cells’ 
usage, unconventional gas resources (mainly methane) will be the major gas supply 
to satisfy our annually increasing energy demand. Extraction of unconventional gas 
resources coupling with CCUS will be more preferred by energy and environmental 
sectors owing to low carbon footprint, encouraged bureautic policy, and motivated 
environmental responsibility. Replacing CBM and shale gas to enhance their recovery 
by injecting CO2 had been tested in countries, such as the United States and China. 
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The same idea was also proposed for gas hydrates’ recovery. CO2 was also thought of 
as a cushion gas to keep the pressure of underground hydrogen storage stable.

Based on the U.S. Department of Energy’s hydrogen program plan, the current 
near-term hydrogen production methods are mainly from gasification of coal, 
biomass, waste with carbon capture, utilization, and storage, advanced fossil and 
biomass reforming and conversion, and electrolysis. The long-term opportunities rely 
on advanced biological and microbial conversion and advanced thermo/photoelec-
trochemical H2O splitting. From the delivery and storage perspective, the long-term 
opportunities are developing widespread pipeline transmission and distribution and 
chemical H2 carriers, chemical H2, and material-based storage.

7.  Conclusions

A critical review, theoretical/experimental status, and challenges/opportunities 
of the primary unconventional gas resources, including coalbed methane, tight gas, 
shale gas, gas hydrate, and hydrogen were summarized and discussed in this chapter. 
Theoretical and experimental development of unconventional gas resources rapidly 
arose due to continuously increasing energy supply and will eventually evolve toward 
green and sustainable ones as well as their production. More challenges will be in 
deep and complex formations that previous exploration and production rarely reach 
either on land or at sea. Substantial opportunities will arise in the unconventional gas 
resources that will be obtained in sustainable ways and play important roles in the 
energy transition.
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Perspective Chapter: Development 
Experience and Current Status of 
Tight Gas Reservoirs in China
Yunfan Wen, Lili Liu, Shiwei Wu and Yifeng Yan

Abstract

The development of tight gas reservoirs in China has made significant progress 
in recent years, becoming an important component of unconventional natural gas 
resources in the country. Tight gas resources are widely distributed in the Sichuan 
Basin, Ordos Basin, Songliao Basin, and other regions, with enormous resource poten-
tial. During the development process, China actively applied advanced horizontal 
well technology, multi-stage fracturing, and fine modeling techniques, significantly 
improving recovery rates and economic benefits. China’s development experience 
shows that tailored technological applications and continuous innovation are key to 
overcoming complex geological challenges. In addition, China actively seeks interna-
tional cooperation to accelerate industry development through technology introduction 
and experience exchange. However, the development of tight gas reservoirs still faces 
challenges such as high investment, difficulty in development, and environmental 
protection. In the future, China will continue to strengthen technological research and 
development, and emphasize green development and risk management, in order to 
achieve efficient and sustainable utilization of tight gas resources.

Keywords: Ordos Basin, tight gas, technological innovation, energy structure, 
sustainable development

1.  Introduction

Tight gas in China is primarily found in regions such as the Tarim Basin, Ordos 
Basin, and Sichuan Basin. These areas feature complex geological structures charac-
terized by dense reservoirs with low porosity and permeability, making traditional 
gas extraction techniques ineffective for tight gas. In recent years, due to the growing 
energy demand and the plateauing of conventional natural gas production, tight gas has 
become an essential component of China’s unconventional natural gas sector. National 
policy support and technological advancements, such as horizontal drilling and hydrau-
lic fracturing, have driven the commercialization of tight gas development [1, 2].

The development of tight gas holds significant strategic importance for China. In 
terms of energy security, it effectively expands the supply of natural gas resources, 
reduces dependence on imported natural gas, and strengthens national energy 
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security. From an environmental perspective, natural gas is considered a relatively 
clean fossil fuel, contributing positively to reducing carbon emissions. The develop-
ment of tight gas aids in achieving the nation’s energy conservation and emission 
reduction goals. Economically, by developing new energy resources, it provides 
employment opportunities, stimulates related technologies and industries, and 
contributes to regional economic growth.

In terms of economic evaluation, tight gas development faces challenges such as 
high initial investment and technical difficulty. However, as technology matures, 
large-scale production is realized, and market demand for natural gas increases, the 
economic viability of tight gas development is gradually improving. Policy sup-
port, such as tax incentives and subsidies, further enhances its economic feasibility. 
Additionally, development costs are continuously decreasing, thereby improving the 
profitability of tight gas projects [3, 4].

Comparing China’s tight gas development with that of other countries reveals 
significant differences in development models, economic viability, and strategic 
approaches. China’s tight gas development primarily relies on state-led energy 
companies such as China National Petroleum Corporation (CNPC) and Sinopec. 
Government policy support is a major driving force. Moreover, the ongoing advance-
ment of localized technologies has helped overcome many engineering challenges. 
Economic viability is influenced by domestic policies, technological levels, and 
market demand. Initial investments and technological costs are high, and profitability 
depends on large-scale development. The strategy for tight gas development focuses 
on energy security, environmental protection, and economic growth. Policies are 
clearly directed, with an emphasis on long-term benefits.

In contrast, other countries like the United States primarily depend on market-
driven approaches for tight gas development. The success factors include private 
enterprises, technological innovation, and support from capital markets. In these 
aspects, the operational efficiency and technological standards in the U.S. are rela-
tively higher. Countries like the United States possess mature market mechanisms and 
technological innovations, leading to lower development costs, shorter investment 
return cycles, and strong profitability. The U.S. development strategy not only focuses 
on the domestic market but also actively expands into international markets, export-
ing natural gas and related technical services. Additionally, the market sensitivity of 
private capital allows for a more flexible and dynamic strategy (Table 1).

Overall, China possesses immense potential and market demand for tight gas 
development but still needs to focus on technological innovation, cost control, 
and optimizing market mechanisms to better meet the strategic energy needs and 
economic development goals of the country. Therefore, a detailed examination of 
China’s experiences and current status in tight gas reservoir development can provide 
an opportunity for reflection and insight, and also offer substantial support for the 
country’s energy strategy.

2.  Distribution of tight gas resources

2.1 Ordos Basin: Core area of tight gas resources

The Ordos Basin is one of China’s key areas for tight gas resources and a globally 
renowned hub for these resources. Located in central-western China, the basin spans 
approximately 370,000 square kilometers, making it the second-largest sedimentary 
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basin in the country. Characterized by typical cratonic basin geological features, its 
reservoirs mainly consist of sedimentary rocks from the Mesozoic to Paleozoic eras. 
The tight gas within the basin is predominantly stored in sandstone and mudstone 
layers with low porosity and low permeability. The reservoirs in the Ordos Basin 
typically exhibit porosity of less than 10% and permeability below 0.1 millidarcy, 
leading to poor gas flow. The increase in production relies on complex enhancement 
technologies. The reservoirs are characterized by their dispersion and fragmentation, 
resulting in low single-well yields, necessitating effective development through dense 
well networks and hydraulic fracturing.

The development of tight gas in the Ordos Basin is primarily concentrated in fields 
such as the Jingbian Gas Field, Dongsheng Gas Field, and the Sulige Gas Field. Among 
these, the Sulige Gas Field is one of China’s largest integrated natural gas fields, with 
significant proven tight gas reserves, playing a strategic role in China’s natural gas 
supply (Figure 1).

Development of tight gas in the Ordos Basin faces multiple technical challenges, 
including well network layout, hydraulic fracturing, and large-scale reservoir trans-
formation technologies [1]. In recent years, China has implemented numerous tech-
nological innovations, such as horizontal drilling, multistage fracturing, and fracture 
network fracturing technologies. These advancements provide critical support for the 
efficient development of tight gas. The tight gas resources in the Ordos Basin serve as 
an important supplement to China’s natural gas supply, with long-term development 
potential. The development of tight gas has invigorated the local economy, boosting 
infrastructure development and related industries. Compared to other fossil fuels, 
natural gas emits less carbon, and the development of tight gas aids the country in 
achieving its energy-saving and emission-reduction goals (Figure 2).

The development of tight gas in the Ordos Basin is crucial not only for enhancing 
China’s energy self-sufficiency but also for contributing positively to regional eco-
nomic growth and environmental protection.

Comparison Indicators San Juan 
Basin

Montney 
Basin

Ordos 
Basin

Sichuan Basin

Sedimentary Coastal 
Plain 

Sandbar

Eolian Sand of 
Coastal Plains

Braided 
River

Fluvial Deposits 
in Continental 
Environments

Layer Thickness(m) 40–100 60–80 3–5 10–32

Layer Distribution Stable Distribution Small and 
Scattered

Widely

Crack Development Localized Development Underdeveloped

Porosity(%) 3–12 3–8 3–14 9–16

Permeability(mD) 0.001–0.1 0.001–0.03 0.001–0.1 0.1–16

Burial depth(m) 750–2650 2100–3000 2800–3700 1300–3000

Gas Saturation >60% >70% 55–60% 30–60%

Resource 
Abundance(108m3·km−2)

>5.00 6.00–9.00 1.20 2.31

Cumulative Gas Production 
per Well

Vertical(0.20–1.00) × 108 m3

Horizontal>1.00 × 108 m3
Vertical(0.20–0.30) × 108 m3

Horizontal(0.60–1.26) × 108 m3

Table 1. 
Comparison table of the development of tight gas in China and the United States.
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2.2 Sichuan, Songliao Basin: Resource replacement area

The Sichuan and Songliao Basins are two key resource areas in China, renowned 
for their abundant oil and gas resources. In the Sichuan Basin, tight gas is primarily 
located within Jurassic and Triassic formations, and these tight sandstone reser-
voirs are characterized by low porosity and low permeability. This makes it one of 
the richest regions for tight gas resources in China, with considerable development 
potential. Hydraulic fracturing and horizontal drilling technologies are widely 
used in the Sichuan Basin to enhance reservoir permeability and increase gas 
production.

In the Songliao Basin, tight gas resources are mainly found within Cretaceous 
sandstone formations. Compared to conventional gas reservoirs, these formations 
are denser and more complex [3, 5]. As a significant gas source region in Northeast 
China, the tight gas resources in the Songliao Basin hold substantial exploration and 
development potential. Advanced fracturing technology and improved well comple-
tion techniques are applied to enhance single-well output and recovery rates, address-
ing the unique characteristics of the tight gas reservoirs.

Both the Sichuan and Songliao Basins hold significant strategic importance in 
resource extraction and technological advancement, playing a crucial role in ensuring 
China’s energy security and sustainable development. Both regions face challenges 
related to replacing old with new resources. As traditional oil and gas fields gradually 
enter the decline phase, identifying and developing new reserves has become critical. 
Therefore, these regions are continuously engaging in geological exploration and 
technological innovation to seek new energy developments and alternative resources.

Figure 1. 
Sulige gas field gathering station.
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2.3 Tarim and Junggar Basin: Breakthrough area

The Tarim Basin and Junggar Basin are significant natural gas resource areas in 
western China. In recent years, the development of tight gas has become a crucial 
direction for resource succession. In the Tarim Basin, tight gas is primarily found 
in Paleozoic carbonate rocks and Mesozoic clastic rocks. The geological conditions 
are complex, featuring multi-layered and multi-type gas reservoirs [3, 6]. The 
tight sandstone and carbonate reservoirs are characterized by low porosity and 
low permeability. The main tight gas resources are concentrated in regions such 
as Tazhong, Tabei, and Kuqa, which have been confirmed to possess abundant 
tight gas reserves. The development of tight gas is most active in the Tazhong 
area, utilizing advanced hydraulic fracturing and multistage fracturing technolo-
gies to address reservoir tightness and enhance single-well output. Multiple tight 
gas production wells have been established, with production capacity gradually 
increasing.

In the Junggar Basin, tight gas is mainly present in the Jurassic and Upper 
Permian tight sandstones, also featuring low porosity and low permeability. The 
geological conditions vary, and as exploration deepens, the resource potential of 
different areas is gradually becoming evident. Tight gas resources are primarily 
distributed in regions such as the Mahu Depression and Changji Depression. The 
application of horizontal drilling and fracturing technology in the Junggar Basin has 
strengthened the extraction of low-permeability reservoirs. In recent years, certain 
development progress has been achieved in the Mahu area, with an increasing 
number of projects.

The development of tight gas resources in both basins faces a situation of chal-
lenges and opportunities. Although the reservoir conditions are complex, significant 
progress has been made through technological advancements, such as horizontal 
drilling and hydraulic fracturing. Developing tight gas resources not only effectively 
supplements the shortfall in conventional natural gas supply but also provides essen-
tial support for regional economic development and energy security. In the future, 
the potential of tight gas in these areas awaits further exploration and technological 
development.

Figure 2. 
Drilling and hydraulic fracturing sites at sulige gas field.
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2.4 Turpan-Hami, Bohai Bay: Future prospects

The Tuha Basin and Bohai Bay Basin are key oil and gas resource areas in China, 
and the development of tight gas resources within these basins is gradually pro-
gressing [7]. In the Tuha Basin, tight gas resources are mainly found in the Triassic, 
Jurassic, and Cretaceous tight sandstone formations, characterized by their typical 
low porosity and low permeability. The tight gas in the Tuha Basin is primarily con-
centrated in several depressions along the southern and northern fringes, such as the 
Toksun Depression and Wulatai Depression. The Tuha Oilfield Company is actively 
engaged in exploring and developing tight gas resources, employing advanced frac-
turing technologies to enhance permeability. Despite the high development difficulty, 
technological innovations have enabled several gas wells to achieve commercial 
production.

The Bohai Bay Basin boasts abundant tight gas resources, predominantly within 
Quaternary and Tertiary sandstone reservoirs. The high-pressure and low-perme-
ability reservoir characteristics suggest significant development potential. These 
tight gas resources are mainly distributed in the western depressions of the Bohai 
Bay Basin, including regions such as Huanghua Depression, Jiyang Depression, and 
Liaoxi Depression. The area has attracted numerous oil and gas companies, such as 
PetroChina and Sinopec, which have made significant progress using horizontal drill-
ing and multistage fracturing technologies. Multiple high-yield tight gas fields have 
been discovered in the Bohai Bay region, steadily increasing production capacity.

The development of tight gas in the Tuha Basin and Bohai Bay Basin faces techni-
cal challenges, but the prospects for these resources remain promising. Continuous 
technological improvements, particularly breakthroughs in drilling and fractur-
ing technologies, have shown initial success in the commercialization of tight gas 
resources in these areas. With further advancements, these tight gas resources are 
expected to contribute more significantly to China’s energy supply and economic 
development.

3.  Key technologies for tight gas development

3.1 Multistage fracturing

Multistage fracturing is a complex enhancement technology primarily used for the 
development of unconventional oil and gas resources, such as shale gas, tight oil, and 
tight gas. This technique aims to maximize the contact area between the reservoir and 
the wellbore, thereby increasing resource output. The goal of multistage fracturing is 
to simultaneously fracture multiple segments at different depths in horizontal or ver-
tical wells to create multiple high-conductivity channels. This approach significantly 
increases the flow area of the reservoir, enhancing the production of oil and gas wells. 
Multistage fracturing can significantly boost the productivity of oil and gas wells 
because it more fully exploits the reservoir. This technology is applicable not only to 
horizontal wells but also to vertical wells with multiple productive layers, especially 
under unconventional reservoir conditions. Through precise geological and engineer-
ing design, fractures can be accurately located and optimized, improving overall 
extraction efficiency. However, multistage fracturing involves complex engineering 
techniques, requiring high-precision equipment and technical operations. Compared 
to traditional fracturing techniques, it is more costly and demands more technical 
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input and professional support. It requires large amounts of water and chemicals, 
which must be carefully managed to minimize environmental impact. In North 
America’s shale gas and tight oil fields, multistage fracturing technology has been 
widely applied, and its success has provided insights and impetus for the development 
of unconventional resources in other regions globally. In recent years, this technology 
has also been gradually applied and has achieved results in the development of tight 
gas and shale gas in China (Table 2).

In the Sichuan Basin, multistage fracturing technology is widely used in tight 
sandstone reservoirs to increase single-well production. By using segmsented fractur-
ing, the number and extension area of fractures can be maximized, thereby improv-
ing the recovery rate of gas wells. In response to the complex stratigraphic conditions 
of the Ordos Basin, multistage fracturing combined with horizontal well technology 
allows multiple fractures to effectively communicate with the reservoir, significantly 
enhancing development efficiency [8–10]. In the Songliao Basin, multistage fractur-
ing technology has been applied to the transformation of tight gas wells in many 
areas, where multistage fracturing in horizontal well sections has improved gas 
production stability and yield.

With the continuous advancement of technology and accumulation of develop-
ment experience, the application prospects of multistage fracturing in China’s tight 
gas development are becoming broader. Ongoing technological innovation and 
meticulous management will drive the further application of this technology in 
the development of tight gas and other unconventional resources, achieving more 
efficient and sustainable resource utilization.

3.2 Well pattern design optimization

Optimization of well patterns and types is a crucial process in oil and gas field 
development. This involves designing and adjusting the arrangement, spacing, and 
types of wells based on geological conditions, reservoir characteristics, and economic 
demands to maximize development efficiency and economic benefits. This optimi-
zation is particularly important in the development of unconventional oil and gas 
reservoirs such as tight gas and shale gas. The primary goals of well pattern and type 
optimization are to increase the coverage range of the well network and the effec-
tive length of the wells to extract as much oil and gas resources from the reservoir 
as possible. It aims to minimize unnecessary drilling and fracturing operations, 
optimize the cost-to-benefit ratio, and ensure economic viability while protecting 

Technical series Advantages Tools

Soluble Bridge Plug 
Staged Fracturing

The number of fracturing 
stages is not limited, the 
wellbore has full diameter, 
and high-volume injection is 
performed.

Continuous Oil Pipe 
Layered Fracturing

Full bore of the well, precise 
layer fracturing, assembly 
line fracturing.

Table 2. 
Multi-level fracturing stages.
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  Figure 3.
  Well deployment optimization simulation diagram.          

the structural integrity of the formations and reducing environmental impacts for 
sustainable development. When optimizing well patterns and types, it is essential to 
consider geological characteristics such as reservoir thickness, porosity, and perme-
ability. Changes in formation pressure and properties affect the selection and arrange-
ment of well types. Reservoir heterogeneity and fracture distribution characteristics 
provide the basis for selecting well types and placements, while the production layer 
distribution and connectivity determine well spacing and layout. Common well types 
and layouts include horizontal wells, directional wells, and vertical wells. Numerical 
simulation, data analysis, and experimental testing results are commonly used in 
the optimization process [ 1 ,  11 ,  12 ]. The optimized well pattern and type design 
must be continuously evaluated and adjusted based on real-time production data 
during actual development. For unconventional oil and gas resources, as technology 
advances and geological understanding deepens, well pattern and type optimization 
is a dynamic process that requires ongoing refinement. The ultimate goal is to achieve 
efficient and economical resource development while protecting the ecological 
environment (  Figure 3  ).  

 Well pattern and type optimization has played a significant role in the develop-
ment of tight gas in China by designing and adjusting well layouts to increase resource 
recovery rates, reduce development costs, and maximize economic benefits. In the 
Sichuan Basin, dense well placements combined with horizontal wells and multistage 
fracturing technology have been employed to increase the contact area with complex 
sandstone reservoirs. In addition, geological modeling and numerical simulation 
have been used to optimize well locations and spacing, achieving a higher degree of 
reservoir utilization. In the Ordos Basin, a strategy of closely spaced, broadly cover-
ing horizontal well networks was applied to accommodate the characteristics of thin 
reservoirs and high heterogeneity in the region. In areas with lower reservoir pressure, 
dense well networks combined with continuous fracturing technology were employed 
to enhance gas flow capability. In the Songliao Basin, the multilayer well network 
layout was used to develop multiple production layers simultaneously for local tight 
sandstone, improving resource utilization efficiency. Advanced geophysical logging 
techniques and fracture monitoring tests were utilized to adjust the well network 
layout in real time, optimizing development plans. The successful experience of tight 
gas development in China provides a valuable reference for the development of other 
unconventional energy sources, with well pattern and type optimization being a key 
pillar for efficient and economic development.  
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3.3 Precision modeling

Fine-scale modeling technology is crucial in the development of tight gas resources 
in China. As it accurately describes complex geological features and reservoir char-
acteristics, it plays a significant role in enhancing resource recovery rates, optimizing 
production plans, and reducing development risks [8, 9]. China’s tight gas reservoirs are 
often situated in complex structural and depositional environments, exhibiting highly 
variable reservoir characteristics and intricate geological structures. These reservoirs 
are typically characterized by low porosity and permeability, making it challenging for 
traditional development methods to yield ideal production rates (Figure 4).

In the Ordos Basin, fine-scale reservoir modeling accurately depicted the thickness 
and distribution of mudstone interlayers and their impact on gas flow. This modeling 
provided key insights for horizontal well placement and fracturing design, thereby 
enhancing production capacity. In the Sichuan Basin, the application of fine-scale 
modeling analyzed the micro-pore structure and spatial distribution within tight gas 
sandstone reservoirs. Combined with three-dimensional seismic data, the model opti-
mized well spacing and development strategies, significantly increasing single-well 

Figure 4. 
Geological refinement modeling geological model.
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output. In the Songliao Basin, by simulating different fracturing scenarios, the 
fracturing design was optimized to achieve higher extraction efficiency. Furthermore, 
in reservoir characterization, fine-scale modeling assisted in identifying complex 
fracture networks, improving fracture prediction accuracy.

Looking ahead, with continuous innovation and development, the application of 
fine-scale modeling will play a greater role in promoting the efficient and sustainable 
development of China’s tight gas resources.

4.  Development prospects

Tight gas is one of the important types of unconventional natural gas and is 
widely distributed in major oil and gas basins around the world, with a total resource 
of 210 trillion cubic meters. The Asia-Pacific and Americas regions have the richest 
resources, accounting for over 60% of the global total. Tight gas resources in China are 
relatively abundant, making up about 10% of the global total, but their distribution is 
highly uneven. The Ordos Basin is the main area for tight gas distribution in China.

In China, tight gas resources are widely distributed across several large basins, 
such as the Sichuan Basin, Ordos Basin, Tarim Basin, and Songliao Basin. These areas 
have diverse geological conditions, providing abundant tight gas reserves. Recent 
exploration activities indicate that China’s tight gas reserves are estimated to reach 
trillions of cubic meters, offering significant development potential. The Chinese gov-
ernment actively promotes the development of unconventional natural gas resources 
and has implemented a series of policies to support the growth of tight gas, including 
financial subsidies, tax incentives, and support for technological innovation. Under 
the impetus of energy structure adjustment and carbon reduction goals, the impor-
tance of natural gas as a clean energy source is increasingly highlighted, with policy 
support favoring the development and application of natural gas, particularly tight 
gas. In recent years, advanced technologies such as horizontal drilling, multistage 
fracturing, and precise modeling have matured in the development of tight gas, 
significantly improving development efficiency and economic benefits. Technological 
advancements and large-scale development have steadily reduced extraction costs, 
paving the way for the economic development of tight gas. With economic growth 
and heightened environmental awareness, the demand for natural gas continues to 
rise, providing strong market momentum for tight gas development. China is com-
mitted to increasing the proportion of natural gas in its primary energy mix, and tight 
gas, as an important supplementary resource, plays a positive role in improving the 
supply structure.

China’s tight gas holds significant potential for future production growth and 
development. Three key aspects will ensure the medium- to long-term development 
of tight gas in the country: utilizing untapped proven reserves, maximizing the 
potential of already tapped proven reserves, and effectively developing newly proven 
reserves. Maximizing already tapped proven reserves and developing untapped 
proven reserves can support a peak annual production of (700 to 800) × 108 cubic 
meters, with the peak expected between 2030 and 2035 and stable production for 
more than 10 years. The development of newly proven reserves will further sustain 
stable production of tight gas through 2050 to 2060 (Figure 5).

China is also beginning to seek more international cooperation in the field of tight 
gas development, accelerating technological advancement and market expansion 
through collaborative research and experience sharing. Continuous breakthroughs in 
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key technologies will be the core driving force for deepening tight gas development. 
The application of artificial intelligence and big data in oil and gas field development 
is becoming increasingly common. In addition to enhancing economic viability, 
environmentally friendly extraction technologies and green development concepts 
will promote the sustainable development of tight gas. Overall, the prospects for tight 
gas development in China are optimistic, but challenges in technology and market 
aspects remain. In the future, through policy support, technological innovation, and 
market drive, tight gas is expected to occupy a more important position in China’s 
energy structure.    

  Figure 5.
  Annual increase in proven reserves of natural gas and tight gas in China.          
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Chapter 6

Perspective Chapter: Eliminating 
Hydraulic Fracturing by Preventing 
Formation Damage to Natural Gas 
Reservoirs while Drilling
W. James Hughes

Abstract

The current mindset in the upstream oil and gas industry is that unconventional 
reservoirs such as shales and tight gas sands need to be hydraulically fractured because 
they have very low permeability and are unable to produce naturally. If that premise were 
true, then why were shale reservoirs such as the Monterey in California and the Marcellus 
shale gas reservoir in New York so productive in the early 1900s, long before hydraulic 
fracturing was ever invented? The answer is simple, they were drilled without overbal-
anced mud systems that cause formation damage to both matrix and natural fractures 
that can provide darcy plus permeability. Tectonically induced natural fractures initially 
propagate perpendicular to the bedding plane of a formation. Over time, sedimentary 
beds with no dip can be tilted, thereby also tilting the natural fracture system within the 
formation so that even a vertical well is able to intersect a few natural fractures. Given 
the high dip of many formations, vertical wells are technically high-angle wells based on 
the definition of a horizontal well that is a wellbore drilled parallel to the bedding plane 
of a formation and not a wellbore drilled parallel to the surface of the earth.

Keywords: hydraulic, fracturing, eliminating, formation, damage

1.  Introduction

Many early Monterey shale wells exceeded 10,000 BOPD and Marcellus shale 
gas production rates exceeded millions of cubic feet of gas per day without hydraulic 
fracturing even from wells that were only drilled vertically [1]. When most industry 
professionals talk about a shale reservoir being tight, they are generally referring 
to the matrix, which is a correct observation. What is not considered is the perme-
ability contribution from natural micro- and macrofractures that exists in all hard 
(brittle) sedimentary rocks such as shales. Determination of the contribution from 
both matrix and natural fracture permeability is important to understanding why 
so-called tight rocks can produce without being hydraulically fractured. This is pos-
sible when formation damage in the reservoir has been greatly reduced or eliminated. 
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It is important to remember that a single natural fracture with an aperture of 
25 microns has over 50 darcies of permeability (Figure 1).

One of the reasons the natural fracture system is often ignored is because everyone 
knows the fractures penetrated by a horizontal wellbore will be plugged up with 
drilling mud and rendered impermeable. First and foremost, it is the job of a mud 
engineer to inflict maximum permeability damage upon the near wellbore region 
so that no hydrocarbons whatsoever enter the well while drilling. This is the reason 
for hydraulic fracturing, to reconnect the undamaged part of the reservoir to the 
wellbore. A former CEO of Halliburton has stated, “In 1947, Stanolind Oil and Gas 
called on Halliburton Co. to unclog a gas well in the Hugoton Basin in Grant County, 
Kansas.” This raises the question, why clog up the natural permeability in the first 
place? Protecting the natural fracture permeability in shales is also ignored because 
our industry believes that fracing is the remedy for repairing formation damage 
caused by overbalanced drilling. Over many years, fracing has achieved acceptable 
results in conventional reservoirs with good matrix permeability so there has been 
little concern about formation damage in unconventional reservoirs. Formation 
damage prevention should be addressed because poor-quality reservoirs are unable 
to clean up like a good-quality reservoir. Any formation damage in a poor-quality 
reservoir can reduce the permeability to zero.

2.  Geo-logic support for eliminating formation damage while drilling

When it comes to achieving the best recovery factor, formation damage is a 
well-understood and documented problem that can significantly inhibit and even 

Figure 1. 
Permeability chart.
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prevent production of a liquid or natural gas from a reservoir. Formation damage is 
such a concern for the industry that the Society of Petroleum Engineers has held a 
conference on the subject every year for the past 50 years. Reservoir engineers refer to 
reduction in permeability as “skin damage.” A factor for skin damage is part of every 
productivity formula [2]. Formation damage occurs during all phases in the recovery 
of hydrocarbons, which include drilling, completion, and production operations for 
any type of well. It is especially detrimental to reservoirs with low matrix permeabil-
ity (Figure 2).

During the drilling of a well, damage to the permeability in the near wellbore 
region is intentional especially when drilling for hydrocarbons. All drilling engineers 
have been taught in school to use an engineered mud system to seal off 100% of the 
surrounding wellbore so there is no influx (referred to as a kick) of any oil or gas into 
the well while drilling. This requires designing a mud system with sufficient density 
to exert a hydrostatic weight that will be higher than anticipated bottom hole forma-
tion pressures. This is known as “overbalanced” drilling. Overbalanced drilling is 
acceptable for the nonreservoir formations being drilled through to reach the targeted 
reservoir. Once the reservoir has been encountered, it is time to switch to a drilling 
method designed to reduce or eliminate formation damage. That drilling method that 
has been around for decades is known as underbalanced drilling [3]. This means the 
drilling fluid is designed to have a lower density that generates a hydrostatic weight, 
which is lower than the formation pressure of the reservoir being drilled. Reducing 
the density of a drilling fluid traditionally involves the injection of a gas such as air, 
nitrogen, or even natural gas. Air drilling is not advisable because of the potential 
for downhole fires. The preferred gas for lowering the density of the drilling fluid is 
nitrogen. Now that the industry has membrane units to sieve and remove the majority 
of oxygen from air, nitrogen, which is inert, can be used to dilute the drilling fluid. In 
the early days before membrane technology, reservoirs drilled underbalanced used 
cryogenic nitrogen, which was extremely expensive depending on the location of the 
cryogenic plant [4].

Figure 2. 
Formation damage.
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A relatively new and refined overbalanced drilling method known as “Managed 
Pressure Drilling” (MPD) [5] uses underbalanced equipment to drill slightly overbal-
anced. The method is appropriate for the nonreservoir sections of a well. The mud 
system deployed in MPD is designed to be just slightly overbalanced. In other words, 
drilling engineers still do not want to experience any “kicks” from oil or gas enter-
ing the wellbore during drilling but do want to be closer to “at-balance” to primarily 
improve penetration rates. This is accomplished by reducing the “chip-hold-down-
effect” that slows penetration rates. The higher the mud density and resulting hydro-
static weight, the more difficult it is to remove drill cuttings from beneath the bit. 
Cuttings held in place by heavy mud are then drilled twice.

The trade-off to achieving higher penetration rates by drilling slightly overbal-
anced means the well is more likely to see some influx of oil and gas, especially while 
making a connection. During this process of adding drill pipe, the wellbore will lose 
back pressure from friction when the mud pumps are turned off. This loss of back 
pressure will lower the effective hydrostatic pressure against the formation to a point 
that may be below the pressure within the formation, thereby allowing oil or gas to 
enter the wellbore. This is why MPD operations may use a separate pump to increase 
back pressure on the annulus to replace the loss of friction pressure from circulation. 
To allow the kick to be contained and circulated out of the well, managed pressure 
drilling requires a vital piece of equipment that was developed for underbalanced 
drilling known as a “rotating control device” (RCD) [6]. This piece of equipment is 
similar to an annular BOP except that it includes a bearing that allows the single piece 
sealing element to rotate with the drill pipe. An annular BOP is designed for static 
(nondrilling) well control and an RCD is designed for dynamic (rotating drill pipe) 
well control.

Underbalanced drilling (UBD) is different than managed pressure drilling because 
UBD does encourage influx of hydrocarbons while drilling. This drilling technique 
is known in the industry for reducing formation damage from plugging caused by 
overbalanced mud systems. The technique was originally developed not to improve 
productivity but to reduce nonproductive time, thereby improving drilling perfor-
mance in the nonreservoir section of a vertical well. After horizontal drilling became 
commercial, the drilling method was applied in conventional reservoirs to improve 
productivity with great success as long as the well remained underbalanced 100% of 
the time. UBD has been applied primarily in traditional reservoirs, aka reservoirs with 
low capillary pressures where only one formation damage mechanism needs to be 
addressed. It has not been used in shale formations because traditional underbalanced 
techniques do not address all of the damage mechanisms in shale including staying 
underbalanced 100% of the time even while rigging down.

With the industry now focused on unconventional reservoirs, drilling and comple-
tion engineers should be pursuing technology that eliminates all types of formation 
damage mechanisms that are common to shales. There should be no higher priority 
than protecting permeability to increase recovery factors. It is no longer good enough 
to just prevent plugging caused by overbalanced mud systems because there are 
several other damage mechanisms inherent to poor-quality reservoirs. In other words, 
if the goal is to eliminate hydraulic fracturing, then all types of damage must be 
addressed.

The reason this is so important is because of natural fracture permeability 
that exists in all rocks [7] especially in low matrix permeability rocks. The first 
step in determining if a reservoir can produce naturally is to determine “collective 
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permeability.” Collective permeability is the summation of matrix permeability with 
the multiplication of fracture porosity and micro−/macrofracture permeability. Once 
it is determined for a so-called tight formation, engineers will see the well is capable 
of producing naturally, without stimulation since the reservoir will be drilled hori-
zontally and perpendicular to the primary stress direction where it will encounter the 
maximum number of natural fractures (Figures 3 and 4).

The software required to understand “collective” permeability in a dual per-
meability system is called Discrete Natural Fracture Modeling (DNFM) [8]. The 
computer-generated models show 10s to 100 s of thousands of natural fractures over 
very short horizontal distances, which can now be intersected with a properly ori-
ented wellbore. If the near wellbore fractures are protected from formation damage, 
this would explain why unconventional reservoirs can produce naturally without 

Figure 3. 
Core.

Figure 4. 
Discrete natural fracture modeling.
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hydraulic fracturing. For example, the Spraberry formation in West Texas is described 
as a tight reservoir with permeability on the order of one-tenth of a millidarcy. It is 
also known to be naturally fractured having two distinct fracture sets. It has been 
determined using DNFM software that the collective permeability of the Spraberry in 
one direction is actually 30 millidarcies, which is sufficient to produce naturally, if all 
formation damage mechanisms are eliminated.

Dr. Roberto Aguilera provides a good example of “collective” permeability, which 
he calls “average” in his book NATURALLY FRACTURED RESERVOIRS (Figure 5).

3.  Formation damage mechanisms in hydrocarbon bearing shales

Reservoirs with low matrix permeability have high capillary pressures meaning a 
reservoir can still suffer permeability damage from imbibition even if the wellbore is 
drilled underbalanced [9]. This happens when capillary (suction) forces exceed the 
underbalanced condition. It is common for an underbalanced wellbore to be drilled 
with 500 psi less pressure than the formation pressure. If capillary pressures are 
higher, imbibition will still occur. Imbibition is preventable. Most shale formations 
are “water wet.” Thus, the solution to stop imbibition in shales is to drill with a non-
wetting fluid such as mineral oil. Imbibed water that becomes irreducible can reduce 
matrix and microfracture permeability to zero [10].

Fines migration [11] is another documented damage mechanism in shales with 
high clay content. During traditional underbalanced operations, this becomes 
a real problem because UBD wells are often overproduced to keep the annular 
wellhead pressure from getting too high while drilling. Over producing the well 
by opening the choke to reduce the pressure on the rotating control device (RCD) 
causes fines to mobilize and then bridge off at the wellbore. This problem is well 
understood in production operations where wells eventually plug off from the 
mobilization of fines formation when wells are over produced. If a portion of the 
formation fines are produced back to surface, the fines are called “basic-sediment.” 

Figure 5. 
Collective permeability.
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This plugging that results from solids moving through the reservoir to the wellbore 
is similar to plugging from solids in overbalanced drilling muds that are injected 
into the reservoir.

Permeability damage from friction-reducing polymers aka gel damage can 
be significant. Friction-reducing additives are used to make “slick” water for 
hydraulic fracturing. They can also be used in the drilling of horizontal wellbores 
to reduce friction between rotating drill pipe and the wellbore wall especially in 
long laterals. Breakers are not used at the end of drilling to reduce the viscosity of 
the gel because wells are generally not completed open hole. After drilling, a liner 
is usually run and cemented, which causes even more damage so why worry about 
gel damage.

Corrosion inhibitors are one of the biggest contributors to permeability reduc-
tion in a reservoir because these additives cause wettability alterations. In tradi-
tional underbalanced drilling, it is common to use an inhibitor to protect drill pipe 
from corrosion. Using nitrogen to reduce the density of the drilling fluid, which is 
usually water, does not mean there is no oxygen being pumped downhole. Nitrogen 
membrane units typically cannot separate all of the oxygen from the nitrogen being 
fed into the compressors. The mixture is about 95% N2 and 5% O2. Even 5% O2 
at 3000 psi being injected into the stand pipe causes severe corrosion to the drill 
string, so much so “corrosion coupons” are run in a drill pipe connection and the 
drill pipe rental company can bill the customer for loss of “remaining body wall” 
thickness (Figure 6).

4.  Formation damage from hydraulic fracturing

Hydraulic fracturing is a major contributor to severe formation damage [12] 
even though it is referred to as a stimulation technology. If a mud engineer has 
done his or her job to completely seal off (zero permeability) the near wellbore 
region while drilling and the completion engineer has cemented a liner in place 

Figure 6. 
UB vs. OB.
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resulting in zero or near zero production after perforating, then the well must be 
hydraulically fractured to reconnect the undamaged part of the reservoir to the 
wellbore. If production is then obtained after hydraulic fracturing, then it must be 
a stimulation technique even if 90% of the hydrocarbons are left in the ground. To 
many people, a 10% or less recovery factor is unacceptable [13]. This poor average 
recovery factor is in part due to formation damage from hydraulic fracturing fluids 
and additives (Figure 7).

Experts on this subject have identified numerous formation damage mecha-
nisms caused by hydraulic fracturing especially in shale reservoirs. Shales can be 
35% by volume composed of clay minerals. These clay minerals such as smectite 
and illite react adversely when they come into contact with water and yet mil-
lions and millions of gallons of water are used to hydraulically fracture shale 
wells. Drillers have known for decades the issues that can occur when water-based 
drilling fluids come into contact with shales that contain clay minerals. Injection 
of water into shale formations can significantly have a negative impact on recov-
ery factors because the formation damage mechanism known as “water block” 
[14] dramatically reduces permeability. Shales are generally undersaturated with 
respect to water. This means they are like a sponge and can imbibe more water. 
In shale reservoirs where matrix permeability is low, capillary pressures are high. 
Thus, when water is imbibed it becomes bound to water, thereby creating a block-
age that reduces permeability [15]. It can be argued that shale wells are never truly 
depleted of hydrocarbons. Production drops making it look like depletion, but in 
reality, permeability has been reduced by formation damage mechanisms and thus 
making the well appear depleted.

Another significant formation damage mechanism from hydraulic fracturing 
is caused by the use of friction reducers and referred to as “gel damage.” As men-
tioned earlier, friction reducers are used to create slick water for transporting frac 
sand. This friction-reducing gel is so potentially damaging to the reservoir that the 
Society of Petroleum Engineers featured an article of the subject called “Gummy 
Bears” [16].

Figure 7. 
Plugging from gel.
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  5.  The next generation of underbalanced drilling technology eliminates all 
formation damage mechanisms in shale gas reservoirs 

 The next generation of underbalanced drilling technology and methods described 
herein requires no research. Each technology is based on proven equipment that will 
simply be repurposed to prevent all types of formation damage mechanisms so the 
“protecting the reservoir” drilling method can be used as a completion technique 
in shale gas formations. This begins with using a jet pump, which is a well-proven 
artificial lift technology to induce the underbalanced condition (see drawings in US 
Patent No. 11,168,526) by pumping the well while drilling to lower the fluid level in a 
well and thus reducing hydrostatic weight to a point that is slightly lower (near bal-
anced) than the pressure in the reservoir. After all, the primary objective of artificial 
lift equipment, including jet pumps, is to eliminate back pressure on the producing 
formation (  Figure 8  ).  

 This technique to create the underbalanced condition eliminates the need for 
nitrogen membrane and compression equipment used in traditional UBD and thus 
reduces costs by 90%. The jet pump can be placed in a near-bit stabilizer and uses the 
bit as the flow path into the jet pump. This is similar to reverse-circulation except in 
this situation only oil, gas, and drill cuttings flow into the jet pump. Reservoir fluids 
being produced through the bit will cool the bit along with the significant pressure 
drop caused by jet pumps. Jet pumps are a well-proven technology and are famous for 
being able to pump anything that includes large rocks during dredging operations. 
Plus, jet pumps have no moving parts, which is an important feature for a tool that 
is deployed downhole. For decades, jet pumps have been used to vacuum horizontal 
wells after they have been hydraulically fractured to remove frac sand, drilling mud, 
and slick water from the reservoir. Quantum Downhole Systems [ 17 ] has a nice 
animation on their website that will show a jet pump with a jetting head on the end of 
concentric coiled tubing. The design shown in US Patent 11,168,526 (see drawings) is 
different from the quantum system because the jet pump with a drill bit can be run on 
jointed pipe and allows no drilling fluid to exit through the drill bit like the quantum 
jetting head. 

 Another important benefit from using a jet pump to induce the underbalanced 
condition is that it ensures the underbalanced condition is maintained 100% of the 
time, which is critical to the success of eliminating formation damage and completion 
of the well. The area where damage still occurs when using traditional underbalanced 

  Figure 8.
  Jet pump principles. Image from:  https://www.ogj.com/general-interest/companies/article/17233947/
coiled-tubing-vacuum-removes-drilling-induced-damage .          
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methods is in front of the bit. This is where most of the damage occurs because the 
area in front of the bit is highly overbalanced until the fluid makes a U-turn and heads 
back uphole [18]. This is why traditional underbalanced drilling does not work in 
shales. This instant injection of water, nitrogen, and oxygen causes severe damage to 
the near wellbore region known as the damaged zone. The use of the jet pump solves 
the problem by using the nozzles in the drill bit as flow paths for reservoir fluids and 
drill cuttings to enter the jet pump and then pump back to the surface. The picture 
in the upper right-hand corner is from a video on U-Tube titled “Directional Drilling 
Nightmare” [19]. Just imagine the damage being done to the reservoir ahead and 
around the bit when drilling occurs downhole (Figures 9 and 10).

The next generation of underbalanced drilling needs to improve upon safety at the 
rig floor so people will feel safe while a well is flowing gas and/or oil during drilling 
operations. Improving safety begins with a new rotating control device that can be 
placed below the BOP. All RCDs today are placed on top of the BOP stack, which 
means high pressure if being controlled very near the rig floor, which makes floor 
hands nervous. They know the only thing between them and a blowout is a small 
sealing element that is only about one foot tall. The traditional RCD is positioned on 
top of the BOP stack because the “single piece” sealing element can only be replaced 
through the top of the RCD. What is needed is an RCD with a “two-piece” sealing 
element (see drawings in US Patent No. 11,441,383) that allows the sealing elements to 
be removed through side doors just like a pipe ram. This type of RCD with side doors 
can be placed on top of the wellhead and below the BOP stack. This BOP barrier will 
be many feet away from the rig floor and will allow the traditional RCD to be used as a 
backup barrier, which will greatly improve for safe operations.

The next critically important piece of equipment to further enhance safety of UB 
operations is a mechanically operated subsurface safety valve to create a downhole 
lubricator to eliminate the costly and dangerous snubbing operation. (See drawings in 
US Patent Application No. 17/709,210.) A subsurface safety valve will be actuated by a 
rotating wellhead that can rotate a tieback liner that opens and closes the safety valve. 
In other words, the tieback liner serves as a mechanical arm because it is uncemented. 
As mentioned earlier, it is imperative to stay underbalanced 100% of the time when 

Figure 9. 
Mud invasion.
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drilling the reservoir. Therefore “killing” a well to trip a bottom hole assembly in 
or out of a well is not acceptable. Snubbing units can be used but are dangerous 
and expensive because they sit on standby 90% of the time. Thus, the solution is to 
“lubricate” the bottom hole assembly in or out of the well by using the drill pipe ram 
or annular at the surface and a subsurface safety valve to create lubricator, which is 
below the surface pressure isolated chamber. This method of running tools is well 
proven and the “lubricator” is a permanent installation that can be used later during 
production operations to run artificial lift equipment in and out of a well under pres-
sure without killing the well or having to snub.

The next generation of underbalanced operations should provide a means of 
well construction to change the flow path for hydrocarbons returning to surface and 
into production separation equipment. (See drawings in US Patent No. 11,255,144.) 
The well plan will consist of drilling the vertical well and curve overbalanced to the 
reservoir. Production casing will be set and cemented from surface to the reservoir 
and hung in the intermediate casing at a depth where the subsurface safety valve is 
located. The SSSV will be run in on a tieback liner that has been perforated above the 
tieback seal assembly and below the safety valve before running in the hole. The sub-
surface safety valve is then run in the hole and the tieback liner is hung in the rotating 
well head. Rotating wellheads have been used in artificial lift operations for decades 
to prevent uneven tubing wear caused by sucker rods. In this application, rotating the 
tieback will advance or retract a threaded actuator that will open and close a subsur-
face flapper valve.

The casing program that allows for the installation of a downhole lubricator 
automatically creates a second annulus between the tieback liner and the intermediate 
casing creating an alternate pathway back to intermediate casing wellhead that can be 
located in a cellar. A tubing flow line is then connected to the outlet flange of the well-
head and run a couple of feet underground to the production separation equipment. 
For obvious reasons, this is a major safety improvement for underbalanced operations 
having no high-pressure flow lines lying on the surface.

Figure 10. 
Hydraulic forces exiting drill bit.
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Once the BOP equipment is in place, the well is now set up to drill the reservoir 
underbalanced. With the lower RCD fully engaged to seal off the annulus between 
the production casing and drill pipe, the outer annulus provides the only route for 
hydrocarbons to return to the surface by flowing through the perforations just below 
the SSSV and into the outer annulus. This next-generation design for near-balanced 
reservoir drilling operations has moved pressure and flow as far away from people as 
possible.

6.  Rethink how a reservoir should be drilled

Preventing formation damage while drilling is also critically important when 
injecting gases or fluids into a formation for CO2 sequestration in order to make 
natural gas production carbon neutral. The same “protecting the reservoir” logic 
applies whether producing from or injecting into a rock formation because a sealed 
off wellbore prevents flow in either direction. The benefits from eliminating forma-
tion damage support the effort to make natural gas a transition fuel. The desire for 
natural gas to be environmentally friendly has led to a new term emerging within 
the industry, “green natural gas.” It can have multiple meanings that include natural 
gas that is not produced from fraced wells, natural gas whose CO2 by-product is 
sequestered, or natural gas (methane) that is produced from biomass. For example, 
if an LNG exporter purchases natural gas from wells that have not been fraced, then 
they can claim their gas is “green” aka “frac-free natural gas.” If a natural gas power 
plant sequesters their CO2 emissions, then the utility can claim the natural gas used 
to generate electrical power is “green” because their power plant is carbon neutral. 
Protecting the disposal reservoir provides an environmental solution for power plants 
because sequestering wells can be drilled on the same location as a natural gas power 
plant, thus eliminating the need for a pipeline to sequester CO2 at a remote location. 
Another application for “green natural gas” is the generation of hydrogen. Natural gas 
is a key component in the hydrogen manufacturing process. If the CO2 by-product 
is sequestered, then the new term for carbon neutral hydrogen is “blue hydrogen.” 
What if a drilling technology is able to deliver “cyan hydrogen” (blue-green), which is 
hydrogen whose CO2 by-product is sequestered (blue) for a carbon neutral footprint 
and the natural gas used to make the hydrogen is frac-free (green) natural gas. This 
shale gas development approach can make projects carbon neutral by simply drilling a 
CO2 sequestration well using the same nondamaging drilling technology that is used 
to eliminate hydraulic fracturing.

7.  Conclusion

The origin of formation damage began 100 years ago, and its cause was attributed 
to the original Hughes Tool Company. The company’s roller cone bit design forever 
changed how the oil and gas were drilled. Before rotary drilling, wells were drilled 
with cable tools, which mechanically removed cuttings from the wellbore. To remove 
cuttings from a well being drilled with, the Hughes roller cone bit required the 
circulation of drilling fluid (mud) down the drill pipe through the bit returning to the 
surface via the annulus. This was a major change that unknowingly at the time caused 
damage to the near wellbore permeability of a reservoir. Formation damage caused 
by overbalanced drilling as it is known today eventually led to the development of 
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hydraulic fracturing, a completion technique that attempts to undo the damage. The 
next generation of underbalanced drilling technology will change how the reservoir 
is drilled so that all types of formation can be eliminated even in shales. After all, 
in our day and time, we now have the ability to drill horizontally into the reservoir. 
This means an operator can switch from drilling the nonreservoir vertical section 
and curve of the well using conventional overbalanced drilling methods to using new 
technology and procedures to drill slightly underbalanced into the reservoir. This 
logical change to a conventional drilling program will eliminate the need for hydraulic 
fracturing, which can reduce total well costs by 50%.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Radiological effects on population and environment due to fracking uncon-
ventional hydrocarbons is given in this study. Evaluation on environmental effects 
concerning extraction process is given. Effects on fauna and humans during fracking 
process, including on air, water and soil, are mentioned. Unconventional oil and gas 
extraction generates Natural Occurring Radioactive Materials (NORM); their associa-
tions to radiological aspects are comment. Our environmental radiological baseline 
studies at three prospecting fracking zones in Mexico showed no radiological hazard 
to population. The natural gamma radioactivity before fracking had a maximum 
equivalent dose rate of 1.83 mSv a−1, in the low value of the acceptable background 
interval (1–13) mSv a−1 stated by UNSCEAR. The 226Ra and 228Ra maximum con-
centration obtained in soil (59.2 ± 3.6 and 38.5 ± 5.0 Bq kg−1, respectively) for this 
baseline are both in the average global-interval concentration reported by UNSCEAR; 
gross alpha and gross beta in water were all below the suggested limits by the World 
Health Organization of 0.5 and 1.0 Bq L−1, respectively, for drinking water. An impor-
tant conclusion is that water stress is an important issue before considering fracking 
activities in Mexico.

Keywords: shale gas, NORM, natural radiation, fracking, environmental baseline

1.  Introduction

An alternative exploitation of oil fields was introduced in the twenty-first cen-
tury, Section 2 provides the global situation based on unconventional hydrocarbons; 
for example, United States of America began the exploitation of using fracking 
technique; similarly, other countries evaluate their reserves of unconventional 
hydrocarbons, fracking process which is briefly described in Section 3. Associated 
with fracking technique environmental issues are addressed in Section 4. Section 5 
deals with the exposure to ionizing radiation by natural radionuclides present in the 
earth’s crust from the decay chains of 238U and 232Th, which can modify their natural 
concentrations due to the drilling and exploitation of unconventional hydrocarbon 
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wells. The increase in natural radionuclide concentration (NORM) is a study topic 
associated with not only oil exploitation, but also mineral extraction industry; 
some countries, such as Mexico, lack of having reference values (baselines) for the 
concentration of natural radionuclides in air, water and soil. Section 6 reports the 
first radiological baseline at three zones in Mexico, identified as unconventional oil 
resources, prior to exploitation. The baseline includes the equivalent dose by gamma 
emitters from natural radionuclide present in soil, which determines the population 
exposure rate to ionizing radiation from natural radionuclide and the environmental 
radiological effect. Radionuclide content from 238U and 232Th decay series was also 
determined in soil, as well as alpha and beta emitters from water samples. Comments 
are also on limitation and fragility of groundwater in Mexico. The International 
Atomic Energy Agency supported this baseline determination, prior to a possible 
development of fracking in Mexico.

2.  Unconventional hydrocarbons: Global situation

2.1 Oil and gas production

According to the International Energy Agency (AIEA), natural gas produc-
tion in the world was 3274 billions of cubic meters (Bcm) in 2010 and 4138 Bcm 
in 2022, with an unconventional gas contribution of 15.4 and 30.6%, respectively. 
Production forecast for 2030 would be 4299 Bcm having 32.6% of unconventional 
natural gas and for 2050 is expected to be 4173 Bcm with 27.7% of unconventional 
gas contribution [1].

The maximum rate at production peak of any natural resource defines its 
disponibility declination. In the case of oil, peak production occurs when approxi-
mately half of the recoverable oil was extracted from the reservoir. In fact, most 
oil-producing countries, including Indonesia, United Kingdom, Norway, and United 
States of America, have already passed peak crude oil production several years or 
decades ago. However, their drop production has been balanced by discoveries and 
production growth in other parts of the world, as well as additional development of 
unconventional crude oil and natural gas resources found in tight and shale forma-
tions [1]. After the peak production, follows a stage where it is increasingly expensive 
to produce resources [2].

Countries are moving toward an energy transition, consisting in changing 
production models and energy consumption to reduce greenhouse gas emissions. 
This implementation toward clean energy is established in the international Paris 
Agreement by more than 180 countries, as part of the United Nations Framework 
Convention on Climate Change (UNFCCC). The main objective of the agreement is to 
limit the increase in the global average temperature below 2°C, encouraging the use of 
low-carbon energy sources to reduce greenhouse gas emissions [3].

However, today, 80% of the energy use still comes from fossil fuels, whereas for 
electricity generation 70% of the total is from coal, oil and gas [4]. Natural gas is an 
alternative for replacing coal toward renewable energy sources but it keeps depen-
dence on fossil fuels. Measurements by the United Nations Environment Programme 
(UNEP) show that methane emissions from gas operations are much higher than 
previously estimated, but if management is adequate, those emissions are not as 
problematic in terms of global warming as coal and oil [5].
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2.2 Unconventional oil and gas resources

The demand and depletion of conventional oil resources are key factors at the 
global level to consider unconventional resources as an alternative for expanding the 
fossil fuel market for some countries. The experience of the United States of America 
in fracking exploitation is undoubtedly an important precedent of energy autonomy 
based on this oil extraction technique. Global research on unconventional hydrocar-
bon resources to conventional hydrocarbon studies is the ratio 8:2, and this ratio is 
mainly in shale gas, since for shale oil, conventional oil resources are equivalent to 
unconventional oil [6]. The United States of America has increased shale gas produc-
tion since 2007; shale gas is currently 77% of its total dry natural gas production and 
projections show a 22.5% growth production from 2022 to 2050 [7–9].

North America, Central America, South America, Europe and Asia Pacific have 
unconventional resources in a proportion of 60.9 to 72.8% of their total natural gas 
resources; in a minor percentage are the Middle East, Eurasian and African regions. 
The United States of America is the largest shale gas producer, but China is the country 
with the largest reserves [1, 10]. Table 1 shows the leading countries of unconventional 
gas and crude oil resources as stated by US Energy Information Administration [10].

The main shale gas and oil production is in the United States of America, China, 
Canada and Argentina [11]. The fracking practice in Canada began in 2005; tight 
gas contributes to 65% and shale gas 3% from the total production of natural gas. 
In Argentina, shale gas contributed to 48% of total national production in 2021. In 
China, production in 2020 was 53 billions cubic feet per day (Bcfd).

2.3 Unconventional resources: explotation effects

According to the National Institute of Environmental Health Science after more 
than two decades of unconventional resources exploitation in United States of 
America, research focuses on determining the effect and extent effects to human 
health and the related costs [12]. The United States Environmental Protection Agency 

Country Shale Gas Wet trillion cubic feet (Tcf) Country Tight Oil billion barrels (Bb)

China 1115.2 USA 78.2

Argentina 801.5 Russia 74.6

Algeria 706.9 China 32.2

USA 622.5 Argentina 27.0

Canada 572.9 Libya 26.1

Mexico 545.2 United Arab 
Emirates

22.6

Australia 429.3 Chad 16.2

South Africa 389.7 Australia 15.6

Russia 284.5 Venezuela 13.4

Brazil 244.9 Mexico 13.1

Table 1. 
Countries having shale gas and oil gas reserves. Adapted from United States Energy Information Administration. 
World Shale Resource Assessments. 2015.
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found that hydraulic fracturing activities could affect drinking water resources under 
certain circumstances and non-direct evidence that water pollution related to hydrau-
lic fracturing influences human health [13]. Regarding air pollution research up to 
2022, it is suggested that pollutants from unconventional oil and gas exploration are 
associated with adverse health effects in elder people, who live facing airstream from 
production centers, increasing their risk of mortality [13]. Environmental and human 
health effects have to be taken into account by applying the best international prac-
tices and developing an appropriate regulatory framework. Shale gas production in 
North America over the past decade has contributed to one-third of the total increase 
emissions from all sources globally [14]. Also to the exploitation process transport 
natural radionuclides from the source rock to the surface, increasing natural-radio-
nuclide concentration from 238U and 232Th decay chains, this radiological aspect was 
addressed in detail for the Marcellus deposit in the United States of America [15, 16].

3.  Unconventional hydrocarbons and fracking

3.1 Origin of oil and gas

Crude oil is the product decomposition of organic material exposure to high 
pressures and temperatures during certain time [17]. Oil and gas are formed in the so-
called “source rock.” Subsequently, hydrocarbons migrate into a porous rock named 
“reservoir rock” where extraction takes place. Oil and/or gas remain confined in the 
reservoir rock if a structural or stratigraphic “trap” avoids migration. In addition, 
there is an impermeable rock known as “seal rock,” which prevents hydrocarbon 
migration to the surface.

An oil system to generate and store hydrocarbons is the geological components 
that include a reservoir rock, a migration path, a reservoir rock and a seal rock 
[18, 19]. Oil and gas survey and potential areas are around basins or regions where 
there is a certain probability of the existence of an oil system.

Conventional deposits are reservoirs where gas and oil accumulate by migration 
from the source rock to high porosity and permeability formations; these conventional 
deposits are exploited using traditional techniques since the second half of the nine-
teenth century. The reservoirs that are still in the source rock are unconventional res-
ervoirs, characterized by their low permeability and porosity, and therefore to obtain 
the hydrocarbon trapped inside, fracking techniques are required. These resources 
started exploitation since the second decade of the twenty-first century [20].

3.2 Exploitation of unconventional resources

Conventional resources produces economical amounts of oil and gas from vertical 
wells with standard techniques and minimal methodical stimulation, while uncon-
ventional resources require special reservoir engineering processes such as multidi-
rectional horizontal drilling and hydraulic fracturing to produce profitable amounts 
of hydrocarbons [21]. Reservoirs are classified into conventional and unconventional, 
based on the value of their permeability [22]; thus, a conventional deposit is suitable 
if its permeability is greater than 0.1 milliDarcy (mD), while smaller permeability is 
taken as unconventional.

Figure 1 shows a distribution diagram of unconventional and conventional gas 
resources. Unconventional hydrocarbons such as tight gas, tight oil, tar sands and 
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heavy and extra-heavy oils originate in reservoir rocks. Likewise, some unconven-
tional hydrocarbons are in its formation rock such as shale gas, shale oil, methane 
hydrates and gas in coal deposits. Tight gas, tight oil, shale gas and shale oil uncon-
ventional resources are extracted by fracking using vertical hydraulic-fracturing 
technique combined with multidirectional horizontal drilling [17, 20, 23, 24].

The fracking technique to extract unconventional resources in the shale bedrock 
is a combination of multidirectional horizontal drilling with high-volume hydraulic 
fracturing. The technique is applied on platforms where vertical drilling is carried out 
to meet the target formation, which can be from 1000 to 1500 m in depth. At differ-
ent depths, the drilling pipe is removed, and a cement casing steel pipe is introduced 
to create barriers between the well and its exterior, reducing the possible aquifer 
contamination that could present across the drilling trajectory. Subsequently, the 
drilling angle is changed to a lateral wellbore with multi-stage hydraulic fractures that 
sometimes go along to 2000 m, in order to expose the largest oil and gas-rich shale 
area (see Figure 1). Then, the pipe is punched to create cracks to inject fluids at high 
pressure based on a mixture of water, sand and chemical additives. Here, the reservoir 
is hydraulically stimulated allowing the cracks to expand, and the sand acts as a prop-
panting agent to support the cracks and prevent them from collapsing. Fracturing is 
performed at different horizontal stages; at the end of each fracturing stage, a plug 
is introduced to contain the injected fluid and the hydrocarbon. Then, fracturing 
continues in some cases up to 30 horizontal stages. Once the stages concluded, all 
plugs are removed to allow the fluids upcoming to the surface. The output fluid at 
the beginning consists mostly of injected water followed by considerable fraction of 
water from the reservoir, which both must be treated before use or storage; then, the 
production hydrocarbons start to flow [20, 23, 25].

The fracking practice is controversial in environmental aspects; the most impor-
tant risks of impact refer to high consumption of fresh water and the risk contamina-
tion of surface groundwater, emissions of pollutants into the air and greenhouse gas 
emissions that contribute to climate change [26, 27].

Figure 1. 
Conventional and unconventional reservoirs. Modified from U.S. Energy Information Administration, August 
2016. Annual Energy Outlook 2016 with Projections to 2040: Report DOE/EIA-0383, p 256.
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4.  Environmental issues associated with fracking

4.1 Fracking impact

The production of an unconventional well is low as compared to a conventional one; 
therefore, there is a need to drill simultaneously a large number of unconventional wells 
[28]. In the United States of America, a country with a sustained development of shale 
gas production, around one million wells have been drilled up to 2022 on 11 formations 
contributing to approximately 70% of its total shale gas production [27, 29, 30]. Massive 
production is important environmental issue, since wells on a single platform would not 
satisfy the need resource of a country; many platforms and wells are needed that would 
increase the “footprint” on the earth. In addition, wells and platforms should be within 
regulatory tolerances, but there is a lack of environmental regulations for the possible 
impact of thousands of wells drilled in massive and cumulative manner [31].

A significant situation is that throughout the wells productive life some of them 
could have leakage accidents, due to unexpected conditions in this high-risk industry, 
producing significant impact on environment [32, 33]. Some references focus on 
evaluating wells and platforms conclude a positive process evaluation with low envi-
ronmental risk, while those that mark a high risk are based on the cumulative effects 
in an area, whose scientific evidence is not yet available.

The exploitation of shale oil and shale gas by fracking involves several environmental 
risks. There must be a proper care for better understanding the site and preparation 
selection, well drilling, well production and leaving and restoration of the site. Each 
of these stages represents a potential contamination risk to environment. Almost two 
decades after the application of fracking, government gas institutions in the United States 
of America recognize and summarize the potential risks as the following [12, 27, 30, 34]:

4.2 Pressure in water supplies

The consumption of fresh water for drilling varies according to the characteristics 
of geological formation. Hydraulic fracturing process for a well can consume water in 
amounts from 9000 to 29,000 m3 in a few days; such volume water demand could put 
water supply sources in the exploitation areas under pressure-affecting communities, 
economic activities and ecosystems [26].

Contamination in surface water and groundwater can occur, because groundwa-
ter quality can be affected if there are errors in wells construction that allow either 
infiltration of chemical additive injected from the surface, or leakage of return fluids 
coming out from the well. Surface water can be polluted by wastewater discharged 
before treatment, or by spills on soil in the storage and/or transport of return fluids 
or produced water. A deep storage method of wastewater disposal can contaminate 
both surface water and groundwater by spills streams, containing fractions of chemi-
cal additives and natural rock components (hydrocarbon, brine, heavy metals and 
radioactive elements). Hydraulic fracturing produces large volumes of wastewater 
at the surface, which may contain dissolved chemicals and other contaminants that 
require treatment before disposal or reuse.

4.3 Air pollution

There is emission of volatile organic compounds and toxic pollutants to air, by 
combustion and evaporative processes from the storage areas of reflux streams. 
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To analyze air pollution by toxic agents, studies report a significant concentration of 
benzene-toluene-ethylbenzene-xylene (BTEX), methylpyridine, butadiene, form-
aldehyde, among others, many of which are considered carcinogenic and neurotoxic 
and are emitted by the evaporative storage process or during the return of drilling 
fluids [35–38]. Air pollution also involves the use of motor trucks required to trans-
port water, chemical additives, sand and materials; the number of trucks per well can 
be 320 to 1365 [28] or in some cases 1000 to 2000 [39]. There is release of natural gas 
during and after well drilling. The United States Environmental Protection Agency 
recognizes the problem and published a final rule in March 2024 that sets guidelines 
on the release of natural gas that will help reduce methane and other hazardous air 
pollutants in the oil and natural gas industry [40]. In addition, criteria pollutants 
CO, NO2, SO2 and PM2.5 are reported in important concentrations, highlighting the 
concentrations of O3 higher than the standard [28].

4.4 Ecosystem disturbance

Studies on potential environmental problems stating that [28, 35, 41–47] eco-
system disturbance put a life risk the original flora and fauna, because construction 
of platforms, where the drilling is carried out, requires an approximate area of 2 ha 
transforming the land use. The volumes used for rock fracturing are lost from the 
water cycle because of impact on water availability, recovering only 10–50% percent-
age of injected fluid, depending on the geological formation [29]. A possible aquifer 
contamination is related to the frequent injection of fluid volumes to the increasing 
number of wells making significant deformations in the shale, and those fluids can 
moved a mile or more to higher strata, unpredictably transporting pollutants through 
faults and fissures intersecting freshwater aquifers.

The returning flow by drilling contains chemical additives such as scale inhibi-
tors, corrosion inhibitors, friction reducers, biocides, acids and lubricants. According 
to analysis of 944 commercial products, 632 substances have been identified; 353 
of them have a potential effect on human health and because of this 75% affect 
skin exposure, eyes and other sensory organs as well as respiratory systems. About 
40–50% of them affect the brain, kidney, and nervous, immune and cardiovascular 
systems; 37% affect the endocrine system and 25% can cause cancer and mutations 
[36]. At present, the exact composition of chemical additives is still unavailable 
information, because it is considered a trade secret, which makes unable to evaluate 
possible harm to humans and the environment, if they come into contact due to acci-
dental causes or planned disposal [29, 48]. According to the United States Geological 
Survey (USGS), hydraulic fracturing can lead to small, non-significant earthquakes. 
However, the method of wastewater removal by injection in deep soil could produce 
larger and more damaging earthquakes.

5.  Radiological aspects

5.1 Naturally Occurring Radioactive Materials (NORM)

Natural radionuclides from uranium and thorium series are present in the envi-
ronment in soil, rocks, water and even food. 238U and 232Th are progenitors of those 
natural radioactive series, ending both in the stable element 206Pb. The material con-
taining these radioactive elements is called Naturally Occurring Radioactive Material 
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(NORM), which is present in mineral extraction industries including the oil industry 
whether conventional or unconventional [16, 49, 50]. The United States of America 
names NORM as them Technologically Enhanced, Naturally-Occurring Radioactive 
Material (TENORM), which clearly refers to natural radionuclides enriched by 
industrial activities [16]. Figures 2 and 3 display natural radioisotopes from the 
decay chains 238U and 232Th and their mobility by transport (leaching and gas) during 
exploitation of gas and oil resources.

In oil and gas extraction processes, the water trapped in geological formations 
contains dissolved natural radionuclides, including 226Ra, 228Ra and 224Ra together 
with their decay progeny in the reservoir rock. When oil and gas are extracted, these 
natural radionuclides present in this water reach the surface and due to changes in 
temperature and pressure, some precipitates or scales such as sulfate and calcium 
carbonate on the internal walls of the use equipment (pipes, valves, pumps, etc.) can 
accumulate significant concentrations of decay products 210Pb and 228Th [16, 51]. The 
activity concentrations in the scales present a wide range for 226Ra, from less than 
1000 Bq kg−1 up to 1,000,000 Bq kg−1 [50, 51]. These radionuclides can also appear in 
drilling mud streams and produced water, including equipment in the whole pro-
cesses such as separators and storage tanks.

5.2 Environmental radioactivity by NORM

Pipes and equipment is therefore a source of radiological material [51], and 
workers can be subject to external gamma radiation exposure, or in particular cases to 
internal radiation by inhalation, ingestion or absorption of these radioactive material. 
Exposure to NORM does not cause severe effects similar to those associated with high 

Figure 2. 
238U decay series (central column) and its mobility in the oil and gas industry. Leaching properties of 226Ra permit 
its transport by water together with its decay products (right column). 222Rn is transported by air and water due to 
its gaseous characteristic (left column). Modified from International Atomic Energy Agency. Radiation Protection 
and the Management of Radioactive Waste in the oil and gas industry. 2003.
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levels of radiation from man-made sources, but chronic exposure to NORM does; 
delayed effects of certain forms of cancer to general public can be present without 
following the adoption of appropriate safety practices.

The transport of natural radionuclides (gases or solids), during the exploitation 
of unconventional resources, comes from the forming rock, and the concentra-
tion and type of radionuclide depends mainly on the salinity of the water (connate 
water), associated with the hydrocarbon, the more saline the more radioactive, which 
is the characteristic of each geological formation [28, 44, 52–54]. Produced water 
treatments generate sludge that can concentrate natural radionuclides, so a specific 
treatment for NORM is required, because the concentration of radionuclides in the 
sludge of treatment plants is in many cases a limitation for the acceptance of treated 
waste disposed or reused in landfills on roads.

There are reports showing abnormal natural radionuclides associated with 
shale hydrocarbons. For the “Marcellus play” case in the United States of America, 
226Ra exceeds up to 267 times the safety limit in water for human consumption 
and 222Rn in air is 70 times more than the natural background level [55]. Although 
137Cs in soil is not natural radionuclide, its concentration was 74 Bq kg−1, because 
in “Marcellus play” case, 137Cs was used as a tracer in the prospecting stage of shale 
gas, associated with contamination by rock cuttings scattered on the surface [56]. 
In Sweden, uranium content in waste exceeds 80 ppm needed a special permission 
for its management; radioactivity levels from Ra and Sr emissions in the fracturing 
fluids and cuttings have been confirmed and documented [43]. Estonia identified an 
increase in natural radionuclides during the power generation by plants using fuels 

Figure 3. 
232Th decay series (central column) and its mobility in the oil and gas industry. Leaching properties of 228Ra 
permit its transport by water together with its decay products (right column). 220Rn is transported by air and 
water due to its gaseous characteristic (left column). Modified from International Atomic Energy Agency. 
Radiation Protection and the Management of Radioactive Waste in the oil and gas industry. 2003.
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from unconventional resources; in this case 210Pb, 238U, 226Ra and 40K were present in 
particles suspended in air and ash waste, from the process, in concentrations of 75.4, 
75.8, 90.7 and 1201 Bq kg−1, respectively [57, 58].

The International Atomic Energy Agency (IAEA) addresses the issue of NORM in 
order to harmonize the best practices in the industrial sector. Although NORM origin 
is known, the issue is recent and there are still tasks requiring greater precision such 
as management and the convenience of establishing centralized and specific facilities 
for the treatment and disposal of NORM waste. Part of the difficulty of management 
and control lies in the absence of NORM inventories that require the quantities of 
waste generated, concentrations of radioactivity, exposure rates and other hazardous 
materials of interest. Likewise, it is still necessary to improve the definition of meth-
ods and approaches for the sampling and characterization of NORM in industrial 
operations and in environment; there are another more specific areas such as local 
and beyond borders transport of NORM, remediation of contaminated sites and reuse 
options [59].

IAEA recognizes as a challenge the volumes of waste generated by unconventional 
wells in the oil and gas industry, which far exceeds those from conventional oil and 
gas wells. Therefore, there is a larger approaching for NORM waste revision, which 
depends not only on the origin of the oil and gas, but also on other factors such as 
geological formation, well age and salinity [50, 59].

However, in general, NORMs are controllable and do not represent a radiological 
emergency resulting in immediate danger to life. Protection to workers and public 
should consider long-term external exposure, ingestion of radioactive material, and 
inhalation of radon or thoron, descendants from radium [50].

6.  Environmental radiological baseline: Mexico case

This section describes the importance of establishing an environmental baseline 
before any industrial activities, capable of NORM generation. This baseline will 
allow, after industrial activities, in determining if natural radionuclide concentrations 
are enhanced or not above the original background levels, and if so, whether they 
represent a possible radiological risk to the population.

6.1 Oil production and NORM

The United States of Mexico (Mexico) is located in the southern part of North 
America, bordered to the north by the United States of America, to the southeast by 
Belize and Guatemala, to the east by the Gulf of Mexico and the Caribbean Sea, and to 
the west by the Pacific Ocean [60]. The mineral extraction and processing industries 
including the oil industry are NORM generators; their distribution in the country is 
shown in the Figure 4.

Mexico started as an oil producer country in 1898; initially, the industry was 
running by foreign private companies; in 1938, the government took total control of 
the industry through the creation of the state company Petróleos Mexicanos. At the 
end of 2013, the laws were subject to an energy reform to allow private investments 
to participate in this energy sector, but maintaining the state company a high per-
centage of exploitation assignments [61]. Some justifications for that energy reform 
were to reverse the decrease in oil production from 3.5 X 106 barrels per day (bpd) in 
2004 to 2.5 X 106 bpd in 2013. Addition consideration of that reform was reducing 
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gas imports, which could be achieved by oil and gas extraction from technical and 
financial capacity of private companies, including the unconventional oil resource 
extraction from shale rock, through fracking. The present government prohibited the 
fracking possibility in June 2019.

Geological provinces in Mexico cover areas of hundreds to thousands square 
kilometers, characterized by their lithology, structure and a series of geological 
evolution events. Geological provinces differ from each other by having stratigraphic 
or tectonic boundaries or both. In Mexico, there are fifty geological provinces, twelve 
have favorable conditions for hydrocarbons resources (oil provinces), and in them, 
six shales areas have been identified for potential exploration of unconventional gas 
reserves [11], see Figure 5.

It is estimated that Mexico has 64.2 billion barrels of oil equivalent (BBOE) of 
prospective unconventional shale resources. The relative amount to conventional 
resources is displayed in Table 2 according to National Commission Hydrocarbons 
(Comisión Nacional de Hidrocarburos) [11]. This information results from 27 explor-
atory unconventional drilled wells, obtaining a success rate of around 85%.

The oil and mining industries are NORM generation activities in Mexico, which 
have not been so far subject to NORM regulation. Therefore, it was pertinent to assess 
the baseline due to natural radionuclide concentrations in four sites before drill-
ing fracking exploratory wells. If fracking takes place in the future, there will be a 
comparison background for evaluating their long-term effect [35].

6.2 Study site

This first study on dose-rate baseline in Mexico refers to the radiation emission 
from natural radiactive chains 238U and 232Th [62]. The importance of each radionu-
clide in the environment depends on the concentration of activity, radiotoxicity and 
half-life.

This study took place in three zones, named Zone1, Zone2 and Zone3, at Tampico-
Misantla oil province where 50.9% of unconventional resources are situated. The study 

Figure 4. 
Distribution of NORM-generating industry in Mexico. Mining and oil industries are present in the whole country.
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in each of the three zones positioned a potential exploratory fracking well in the center 
of 1 km2 area; 25 natural sampling points were located in a 200 x 200 m grid. The 
study considered three types of measurements: (a) gamma equivalent dose rate, (b) 
measurement of natural radionuclide concentrations in surface soil and (c) measure-
ments of natural radionuclides in groundwater.

6.3 Equivalent dose rate

For gamma equivalent dose rate, measurements were taken at 1.5 m height, to 
associate them to human exposure from gamma-emitting radionuclides naturally 
present in the soil. In situ measurements were performed using a portable Ge(Hp) 
detector type ORTEC Microdetective HX, with a detection range of (0.05–10,000) 
μSv h−1 [62]. All measurements were geospatially interpolated using the krigging 
method of ArcGIS V. 10.7.1 software, which permitted to draw a dose rate radiological 
map for each three zones. The map was overlapped with layers containing population 
density, crop type and land use, with the aim for better identifying anomalous areas.

The maximum dose rate for all four sites was 1.83 mSv a−1 and the minimum of 
0.04 mSv a−1; the dose rate accepted as environmental background by the United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) [63] 

Figure 5. 
Six provinces having unconventional hydrocarbon reserves. Modified from CNH, 2022 [11].

Oil equivalent (BBOE) Oil (Bb) Natural gas (Tcf)

Unconventional 64.2 35.9 141.5

Conventional 48.7 32.1 83.2

Total 112.9 68.0 224.7

Table 2. 
Relative conventional and unconventional hydrocarbon reserves in Mexico. Modified from CNH, 2022 [11].
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is in the range of 1–13 mSv a−1. After this dose rate determination, three wells were 
drilled for fracking at an exploratory level; one of the wells inside the study site had 
already a history of conventional oil and gas exploitation (Figure 6).

6.4 Natural radionuclei in soil

Soil radionuclide measurements were from samples taken at a 0.20 m depth. 
Twenty-five samples were evaluated for each of the three zones. Each sample con-
taining 1.5 kg of soil was sealed and labeled in polyethylene bags; in the laboratory 
samples were sieved to 100μm grain size and dried at 100°C for 24 h. Each sample was 
introduced into a 0.5-L Marinelli container for gamma spectrometry analysis using 
a Ge(Hp) detector with 30% efficiency [62]. This analysis allow identification and 
quantification of natural radionuclides; the results are shown in Figure 7.

226Ra from the 238U natural decay series and 228Ra from the 232Th natural decay 
series are the two most important radionuclides according to their mobility by water 
leaching properties, shown in Figures 2 and 3, respectively. For the three zones, 

Figure 6. 
Dose rate distribution in Zone3. Crop distribution (beans, corn and sorghum).

Figure 7. 
Average activity concentrations of natural radionuclides in soil samples from the three zones.
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Figure 8. 
Water sampling from 10 water wells at Zone1. Two aquifers and water trajectories are identified.

the maximum concentration values are 59.2 ± 3.6 Bq kg−1 for 226Ra and 38.5 ± 5.0 for 
228Ra, both are in the interval of average global concentration reported by UNSCEAR 
[63]. Activity concentrations of 238U, 226Ra and 210Pb follow the same pattern for the 
three zones, which reveal the absence of industrial activity, and similar behavior is 
observed for 232Th series.

6.5 Presence of radioactivity in water

Three parameters were evaluated in groundwater samples: (a) gross alpha, (b) 
gross beta and (c) activity concentrations of natural radionuclide 238U and 226Ra. The 
water samples were collected from aquifers (Zone1 and Zone2). The aquifers were 
identified regarding the average annual water availability, direction of its flow and 
their use (livestock, agriculture, domestic). Groundwater samples were obtained 
from 35 domestic wells, see Figures 8 and 9.

Each water sample contained 5 L volume, electrical conductivity was recorded 
and samples were acidified to a pH 2. In the laboratory, water samples were reduced 
by evaporation to 0.45 L in volume, introduced into a 0.5-L Marinelli container for 
gamma spectrometry analysis using a Ge(Hp) detector with 30% efficiency, to deter-
mine the radionuclides using gamma spectrometry [62]. Another set of samples of 
0.45 L in volume was even more reduced to 10 mL for assessing gross alpha and gross 
beta, using a proportional flow detector PROTEAN model WPC-1050 [62]; Table 3 
display results.

238U and 226Ra, concentrations in groundwater did not exceed the minimum 
detectable limit and total alpha and beta emissions in groundwater samples from 
these sites are all below 0.5 and 1.0 Bq L−1, respectively, which corresponds to the 
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maximum suggested limits established by the World Health Organization (WHO) for 
drinking water.

6.6 Water stress

In terms of environmental radiological matters, unexploited areas with shale 
reserves do not currently present any radiological risk to the environment and human 
beings. If fracking takes place, it is important to define how much time later will be 
necessary to make a comparison, since there are studies performed a year later that do 
not reflect a significant variation [35, 64].

The interest in finding a baseline for water is due to the fragile conditions of 
water resource. The World Resources Institute (WRI), in a study carried out in 

Figure 9. 
Water sampling from 20 water wells at Zone2. Three aquifers and water trajectories are identified.

Parameter Zone1 (Bq L−1) Zone2 (Bq L−1) Reference level* (Bq L−1)

Gross alpha ND – 0.07 ND 0.5

Gross beta ND – 0.48 ND – 0.2 0.5

Activity concentration 238U ≤1.3 ≤1.3 —

Activity concentration 226Ra ≤1.0 ≤1.0 —

Groundwater samples 15 20 —
*World Health Organization-guideline values drinking water [62], ND: non-detected.

Table 3. 
Activity concentrations in groundwater samples.
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Figure 10. 
Regions of Mexico with shale reserves and water stress level. Adapted from World Resources Institute (WRI). 
Global Shale Gas Development: Water Availability and Business Risks. 2014.

2014, presents the baseline of water stress in areas where there is potential exploi-
tation of unconventional resources. Water stress is the relationship between the 
total use of water by municipal, industrial and agricultural users and the available 
renewable surface water. High-water stress values can indicate greater competi-
tion among users and greater depletion of water resources [65]. According to this 
study, 31% of shale resources are in regions with high to extremely high-water 
stress see Table 2 for countries with the largest reserves of this resource and 
Figure 10 for Mexico.

7.  Conclusions

The expected low-level radioactive results define the baseline for the three zones in 
Mexico, before fracking activities. There is no radiological risk due to equivalent dose 
rate; the maximum dose rate was 1.83 mSv a−1, which is in the acceptable background 
interval (1–13) mSv a−1 [63]. 226Ra and 228Ra the most mobil radionuclei in soil are 
both in the average global concentration reported by UNCEAR [63]. Measurements of 
gross alpha and gross beta in water did not exceed the maximum suggested limits by 
the World Health Organization [62] for drinking water. Water stress in Mexico is an 
important issue before considering fracking activities.

The radiological aspects reported for the Marcellus formation in the United States 
of America [15] motivate the first baseline measurement in Mexico due to natural 
radionuclides in soil and water for areas not just before fracking, but areas where 
extractive industries potentially could enhance Naturally Occurring Radiactive 
Materials.

Attention should be on the International Atomic Energy Agency [60] suggestion 
that puts forward the regulation needs for the enhanced of Naturally Occurring 
Radiactive Materials in wastewater and sludge derived from fracking technique.
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Perspective Chapter: GIS and 
Remote Sensing in Assessing 
Interdependencies within Oil and 
Gas Infrastructure
Rifaat Abdalla

Abstract

The chapter provides a conceptual model rather than a complete analysis case 
study-based approach to comprehensively assess interdependencies within the oil 
and gas sector. Delving into the intricate connections among pipelines, refineries, 
drilling operations, and transportation networks, the chapter elaborates on the utility 
of advanced GIS and remote sensing techniques rather than employing them directly 
in assessing interdependencies within the oil and gas sector. Emphasizing the signifi-
cance of collaborative data sharing, the chapter visualizes relationships and elucidates 
the imperative of proactive management practices to fortify resilience. Through 
detailed case studies and practical instances, it vividly illustrates the possible tangible 
outcomes of such analysis, offering valuable insights into emergency preparedness, 
risk mitigation, and resource allocation optimization within the industry. Catering to 
professionals, researchers, and stakeholders navigating the complex web of depen-
dencies within oil and gas infrastructure, this chapter serves as an essential resource. 
It ensures stability and uninterrupted functionality, even in the face of unforeseen 
emergencies and disruptions, by facilitating a profound understanding of the con-
nections and aiding in the implementation of effective strategies to manage them 
effectively.

Keywords: infrastructure, interdependence, oil and gas, risk, visualization, modeling

1. Introduction

In the intricate tapestry of the oil and gas industry, the concept of 
Interdependency weaves an indispensable narrative, shaping the core of its operations 
and functionality. At the heart of this multifaceted sector lies an intricate network 
of components and systems, meticulously intertwined to form the backbone of oil 
and gas facilities. From sprawling pipelines traversing vast distances to intricate 
refineries processing raw resources, from the intricacies of drilling operations to the 
labyrinthine transportation networks spanning continents—each element represents 
a crucial thread in the larger fabric of the industry [1].
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The interplay among these diverse components creates a web of dependencies, 
establishing vital connections and relationships that sustain the sector’s operations. 
However, this Interdependency fosters efficiency and productivity but also introduces 
a precarious balance. In this delicate ecosystem, the failure or disruption of one 
element can reverberate across the entirety of the oil and gas infrastructure. Such 
interconnectedness, while offering unparalleled synergy, also poses a complex chal-
lenge, as any disturbance within this system could potentially cascade into profound 
consequences, impacting not only individual facilities but the stability and resilience 
of the industry at large.

This chapter embarks on a comprehensive exploration of these intricacies, 
delving into the fundamental significance of Interdependency within oil and gas 
facilities. By dissecting the various components, systems, and their interconnected 
nature, we aim to illuminate the intricate relationships that underpin the sector’s 
operations. From understanding how pipelines rely on refineries for processing 
to the symbiotic relationship between drilling operations and transportation 
networks, our journey navigates the labyrinth of dependencies that shape the 
industry’s landscape.

Moreover, this exploration is an essential foundation for comprehending the 
challenges and vulnerabilities inherent in this web of interdependencies. By acknowl-
edging the potential vulnerabilities and consequences of systemic disruptions, we 
seek to identify areas of concern and pave the way for strategic measures and resilient 
frameworks that fortify the sector against unforeseen risks.

In this expedition, we unravel the interconnected tapestry of oil and gas facilities, 
illuminating the significance of Interdependency and its profound implications on the 
stability, efficiency, and resilience of this vital industry [2].

The chapter focuses on a comprehensive exploration of the intricate interconnec-
tions within the oil and gas infrastructure, specifically emphasizing interdependency 
analysis. This process involves scrutinizing and understanding the complex relation-
ships and interconnections among various components of oil and gas facilities. These 
components may include pipelines, refineries, drilling operations, and transportation 
networks. The goal is to shed light on the fundamental concept of Interdependency 
and its contextual significance within the sector.

Given the nature of the research, it is assumed that the lack of specific data related 
to this field necessitates the development of topics using hypothetical scenarios. In 
other words, the chapter utilizes hypothetical situations and scenarios to illustrate 
and analyze the potential interdependencies within oil and gas facilities. These 
hypothetical scenarios serve as a means to explore and discuss the interwoven reliance 
among different infrastructure elements, considering various potential challenges 
and disruptions [3].

The interdependency analysis is crucial for understanding how the relationships 
among different constituents of oil and gas infrastructure profoundly impact the 
stability of the entire sector. By delving into the hypothetical scenarios, the chapter 
may highlight the complexities in quantifying, visualizing, and managing these 
intricate relationships. The discussion could also touch upon the challenges inherent 
in conducting interdependency analysis due to the unavailability of real-world data, 
emphasizing the importance of proactive management practices to fortify and elevate 
the resilience of these critical facilities. Overall, the chapter is anticipated to contrib-
ute insights into the nuanced evaluation and analysis of interdependencies within oil 
and gas infrastructure, offering valuable perspectives on how the sector can navigate 
challenges and disruptions [4].
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2. Methods and tools for assessing interdependencies

Evaluating interdependencies within the intricate framework of oil and gas facili-
ties demands a nuanced approach, utilizing various methods and tools to comprehend 
the complex relationships binding multiple infrastructure elements. We delve into the 
diverse arsenal of methodologies, encompassing network analysis, system modeling, 
and data-driven approaches, all aimed at unraveling the intricate web of dependencies 
within the industry [5].

2.1 Network analysis

Within the context of oil and gas facilities, network analysis is a powerful tool to 
decode the intricate relationships and dependencies among various infrastructure 
elements. It involves the construction of graphical models representing the intercon-
nectedness of components like pipelines, refineries, drilling sites, and transportation 
networks. Each element within this network is depicted as a node, while the connec-
tions or dependencies between these elements are represented as edges or links. By 
employing mathematical algorithms and graph theory principles, network analysis 
offers a comprehensive visualization of these intricate interconnections, revealing the 
flow of resources, dependencies, and potential vulnerabilities within the system [6].

One of the key aspects of network analysis is its ability to identify critical nodes 
or central elements within the infrastructure network. Centrality measures such 
as integration and centrality or degree centrality highlight the nodes that serve as 
crucial hubs or pathways through which resource flows or information traverse. 
Understanding these critical points enables stakeholders to prioritize them for moni-
toring, maintenance, or fortification, enhancing the system’s overall resilience [7].

Furthermore, vulnerability assessments through network analysis help identify 
elements that, if disrupted, might cause significant impacts on the overall functional-
ity of the system. By simulating potential failures or disruptions and assessing their 
ripple effects through the network, stakeholders can proactively devise strategies to 
mitigate risks, strengthen redundancies, and develop contingency plans to minimize 
the potential impacts of such disruptions (Figure 1) [7, 8].

The visual representation of the network model aids in comprehending the 
complexities of the oil and gas infrastructure, allowing stakeholders to grasp the 
relationships and dependencies spatially and logically. This visual insight is crucial 
for decision-makers in formulating effective strategies for optimizing operations, 
improving safety, and ensuring the robustness of the entire oil and gas ecosystem.

Network Analysis is a pivotal tool in comprehending the relationships and dependen-
cies among different components of oil and gas facilities. By employing graph theory 
and mathematical models, network analysis enables the visualization and quantification 
of interconnections among pipelines, refineries, drilling operations, and transportation 
networks. Mapping these connections provides invaluable insights into the critical nodes 
and vulnerabilities within the system, facilitating a deeper understanding of how disrup-
tions in one area may reverberate throughout the entire network (Figure 2) [9, 10].

2.2 System modeling

System modeling is a robust methodology within interdependency analysis in oil 
and gas facilities, offering a sophisticated framework to comprehend the complex 
interactions and behaviors of the interconnected infrastructure elements. These 
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models, often built using advanced computational techniques and mathematical 
algorithms, aim to encapsulate the intricate relationships among pipelines, refineries, 
drilling operations, and transportation networks.

The primary function of system modeling lies in its ability to simulate the behav-
iors and dynamics of the entire oil and gas ecosystem. By integrating various data 

Figure 1. 
Dimensions for describing infrastructure interdependency after [8].

Figure 2. 
The interdependence of oil infrastructure with other critical sectors after [9].
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inputs, including operational parameters, geographical information, resource flows, 
and technological dependencies, these models create virtual representations that mir-
ror the real-world functionalities of the infrastructure. This comprehensive simula-
tion lets stakeholders understand how changes or disturbances in one system segment 
might propagate through the interconnected network [11].

2.3 Scenario analysis

A crucial aspect of system modeling enables stakeholders to explore “what-if” 
scenarios and assess their potential impacts on the entire system. Stakeholders can 
observe and evaluate the ripple effects in the whole oil and gas infrastructure by 
introducing simulated disruptions, changes in operational conditions, or failures in 
specific components. This analytical approach provides a deeper understanding of 
the interconnectedness and dependencies within the system, illuminating potential 
vulnerabilities and critical points susceptible to disruptions.

Furthermore, system modeling facilitates the identification of potential bottle-
necks or areas of heightened risk within the infrastructure. Through sensitivity 
analysis and simulation of various scenarios, stakeholders can pinpoint critical nodes 
or segments where failures or disturbances could have significant cascading effects. 
Armed with this knowledge, decision-makers can proactively devise strategies to 
reinforce these vulnerable points, enhance redundancies, and develop contingency 
plans to minimize the impacts of potential disruptions.

System modeling offers a comprehensive and dynamic view of the interactions 
among diverse elements within oil and gas facilities. It empowers stakeholders to 
anticipate, understand, and mitigate the impacts of disruptions or changes within the 
system, enabling informed decision-making and fostering the resilience of the oil and 
gas industry in the face of evolving challenges.

2.4 Geospatial visualization of interdependencies

Geospatial visualization is a powerful lens to comprehend and analyze the intri-
cate interdependencies within oil and gas facilities. Geospatial visualization provides 
a comprehensive and spatially contextualized understanding of the relationships 
between various infrastructure elements by overlaying geographical data onto com-
plicated network analyzes and system models. This approach enables stakeholders to 
map out the physical locations of pipelines, refineries, drilling sites, and transporta-
tion networks, thereby visualizing their spatial relationships and dependencies. 
Through interactive maps and spatial representations, geospatial visualization offers 
a dynamic perspective, facilitating the identification of critical nodes, vulnerabilities, 
and potential impact zones across diverse terrains and regions. This spatial awareness 
enhances the precision of risk assessments and empowers decision-makers to devise 
targeted strategies for fortifying the resilience of oil and gas facilities in specific 
geographic contexts [2].

However, quantifying and visualizing these relationships present formidable 
challenges. The complexities inherent in the industry, such as the dynamic nature of 
operations, diverse technologies, and the sheer scale of infrastructure, pose hurdles 
in accurately assessing interdependencies. Variables such as geographical dispersion, 
various operational protocols, and evolving technologies further complicate the 
creation of comprehensive models that encapsulate the intricate interplay of these 
multifaceted elements.
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One of the fundamental hurdles lies in the acquisition and utilization of data. The 
reliability, availability, and heterogeneity of data from disparate sources present a 
formidable challenge in constructing accurate models for interdependency assessment. 
Moreover, the proprietary nature of specific data within the industry often hampers the 
holistic analysis required for a comprehensive understanding of interconnections [2].

Recognizing the paramount importance of collaborative efforts, the chapter under-
scores the significance of data sharing and cooperation among industry stakeholders. 
Open and transparent data-sharing practices enhance the quality and comprehensive-
ness of available data and foster a collective understanding of interdependencies across 
the sector. Collaboration among industry players, researchers, and regulatory bodies 
catalyzes enriching methodologies, refining models, and collectively addressing the 
challenges associated with assessing and mitigating interdependencies (Figure 3) [12].

3. Case studies

3.1 Data

It is important to note that the following case studies are presented for illustrative 
and educational purposes. Due to the hypothetical nature of these scenarios and the 
unavailability of specific data, the cases are crafted to emphasize the application of 

Figure 3. 
Interdependence among critical infrastructures showing oil and gas sectors after Rinaldi [12].
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interdependency analysis tools and methodologies in addressing potential disrup-
tions. Without real-world data, these cases aim to showcase the strategic approaches 
organizations could adopt to enhance resilience and mitigate risks. The scenarios 
do not reflect actual incidents but are designed to highlight the proactive measures 
and decision-making processes that can be implemented in response to hypothetical 
challenges. The emphasis is on the conceptual application of interdependency analysis 
in enhancing preparedness, optimizing resource allocation, and fostering resilience 
within critical infrastructure operations.

3.2  Case study 1: mitigating disruptions through interdependency analysis in oil 
refinery operations

3.2.1 Scenario

A major oil refinery, reliant on various interconnected systems for its operations, 
faces a sudden disruption in its supply chain due to a pipeline rupture that hampers 
the transportation of crude oil to the refinery.

3.2.2 Interdependency analysis approach

Utilizing interdependency analysis tools and methodologies, the refinery manage-
ment conducts a comprehensive assessment of the interconnected systems within 
the facility. This analysis encompasses the interdependencies between the refinery’s 
operations, including the processing units, storage facilities, transportation networks, 
and supply chains. Network analysis and system modeling are employed to visual-
ize the critical nodes, dependencies, and potential impacts of disruptions across the 
refinery’s infrastructure.

3.2.3 Outcome and actions

Through this analysis, the management identifies critical dependencies on the 
affected pipeline for the crude oil supply. They uncover potential bottlenecks and 
vulnerabilities within the supply chain, enabling them to strategize effectively. With 
this insight, the refinery initiates proactive measures, including rerouting supplies 
through alternate pipelines, optimizing storage capacities, and implementing contin-
gency plans to secure alternative sourcing options during emergencies. Additionally, 
they enhance collaboration with pipeline operators and establish emergency protocols 
for swift response and communication in case of future disruptions. As a result, the 
refinery strengthens its emergency preparedness, mitigates risks associated with sup-
ply chain disruptions, and optimizes resource allocation strategies to ensure sustained 
operations during unforeseen challenges.

3.3 Case study 2: enhancing resilience in offshore drilling operations

3.3.1 Scenario

An offshore drilling company operates multiple rigs in the Gulf of Mexico, prone 
to hurricanes and severe weather conditions during certain seasons. The company 
faces the constant risk of potential disruptions to its operations due to the impact of 
these extreme weather events.
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3.3.2 Interdependency analysis approach

Recognizing the vulnerabilities inherent in offshore drilling operations, the 
company conducts a detailed interdependency analysis focused on its rigs, logisti-
cal support, supply vessels, and personnel transportation systems. Leveraging 
historical weather data, geographic information, and operational logs, the analysis 
employs system modeling and scenario simulations to visualize how hurricanes or 
extreme weather events might affect the interconnected infrastructure elements 
across various rigs.

3.3.3 Outcome and actions

The interdependency analysis reveals critical dependencies within the offshore 
drilling network. Supply vessels emerge as pivotal components for ongoing drilling 
operations, ensuring timely equipment, supplies, and personnel delivery to and from 
the rigs. Moreover, the analysis identifies potential vulnerabilities, such as disruptions 
to supply vessel operations due to inclement weather, which could halt ongoing drill-
ing activities and compromise personnel safety.

To mitigate these risks, the company implements a multifaceted strategy. Firstly, 
they revise operational protocols, incorporating flexible scheduling and contingency 
plans to account for potential weather-related disruptions. Secondly, proactive mea-
sures are taken to pre-position essential supplies and equipment on rigs and supply 
vessels, ensuring readiness for immediate deployment in case of impending storms. 
Additionally, evacuation procedures are refined and personnel receive specialized 
training to swiftly and safely evacuate in the event of severe weather warnings.

Furthermore, the company invests in advanced monitoring systems and meteo-
rological forecasting tools to continuously track weather patterns and anticipate 
potential threats well in advance. Enhanced communication systems are established 
to ensure seamless coordination among rigs, supply vessels, and onshore management 
during emergencies, allowing for swift decision-making and coordinated actions.

By understanding the complex interdependencies and their potential impact on 
offshore drilling operations, the company fortifies its emergency preparedness and 
allocates resources effectively. This proactive approach not only enhances personnel’s 
safety but also safeguards operations’ continuity, ensuring resilience and minimizing 
downtime during adverse weather conditions in the Gulf of Mexico.

4. Discussion

The assessment and analysis of interdependencies within oil and gas infrastruc-
ture offer critical insights that underline the imperative of proactively managing and 
fortifying the resilience of these essential facilities. Understanding these interdepen-
dencies not only aids in comprehending the complexity of the interconnected systems 
but also serves as a cornerstone for mitigating risks and ensuring uninterrupted 
operations, especially during unforeseen emergencies and disruptions [13].

4.1 Comprehensive understanding of interconnected systems

Interdependency analysis provides a holistic view of the intricate relation-
ships between components such as pipelines, refineries, drilling operations, and 
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transportation networks. This understanding allows stakeholders to grasp the depen-
dencies and vulnerabilities inherent in the infrastructure, enabling them to identify 
critical nodes and pathways that are pivotal for sustained operations [14].

4.2 Risk mitigation and contingency planning

Stakeholders can proactively devise and implement robust risk mitigation strate-
gies by recognizing the critical dependencies and potential vulnerabilities within the 
interconnected network. This includes developing contingency plans, establishing 
redundancies, and fortifying essential points to reduce the impact of disruptions. It 
enables companies to respond to emergencies and deploy resources efficiently and 
swiftly during crises.

4.3 Enhanced emergency preparedness

Interdependency analysis aids in preparing for unforeseen emergencies by 
enabling organizations to anticipate potential cascading effects resulting from disrup-
tions in one infrastructure segment. This proactive approach allows for refining emer-
gency protocols, allocating necessary resources, and developing response strategies 
specific to different types of disruptions [15].

4.4 Optimized resource allocation and resilience building

Insights gained from analyzing interdependencies guide efficient resource 
allocation, allowing companies to prioritize investments in strengthening critical 
infrastructure components. By investing in resilient technologies, enhancing commu-
nication systems, and implementing robust monitoring mechanisms, organizations 
can fortify their infrastructure against potential risks, bolstering resilience [16].

4.5 Adaptability and continuity planning

Understanding interdependencies facilitates a culture of adaptability and continu-
ous improvement within the oil and gas sector. Companies can continuously assess 
and refine their strategies based on changing circumstances, technological advance-
ments, or evolving threats, ensuring a proactive stance in adapting to new challenges 
and maintaining operational continuity [17].

4.6 Collaboration and knowledge sharing

Interdependency analysis encourages collaboration and knowledge sharing among 
industry stakeholders. Open communication and sharing of best practices, technolog-
ical innovations, and risk management strategies foster a collective effort to address 
common challenges, strengthening the sector’s overall resilience.

Assessing and analyzing oil and gas infrastructure interdependencies are pivotal in 
driving proactive management and enhancing resilience. This understanding empow-
ers stakeholders to anticipate, mitigate, and respond effectively to potential disrup-
tions, ensuring critical facilities’ continued and reliable operation even in the face of 
unforeseen emergencies. Adopting a proactive approach based on these insights is 
crucial for sustaining the stability and functionality of the oil and gas industry amidst 
evolving challenges and uncertainties [18, 19].
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5. Conclusions

The conclusions drawn in this chapter contribute to conceptual research focused 
on establishing the foundations of Infrastructure Interdependency within the Oil and 
Gas sector. This work aims to provide a theoretical framework that exemplifies the 
application of GIS and Remote Sensing in this critical field, investigating the essential 
role of interdependencies in oil and gas infrastructure.

The chapter delves into the intricacies and significance of these interdependencies, 
unraveling their complexity through methodologies such as network analysis, system 
modeling, and geospatial visualization. Despite challenges related to data availability 
and visualization, the collaborative efforts of stakeholders are deemed crucial for 
comprehensively addressing the complexities inherent in interdependencies.

Practical case studies vividly illustrate how a profound understanding of interde-
pendencies contributes to emergency preparedness, risk mitigation, resource opti-
mization, and the fostering of adaptability within the industry. The insights derived 
from these studies underscore the necessity of proactive management practices to 
ensure continuous operations, even when faced with unforeseen disruptions.

The foundational nature of comprehending and managing interdependencies is 
emphasized as crucial for fortifying the resilience of critical oil and gas facilities. The 
chapter advocates for a proactive approach, highlighting the significance of informed 
decision-making and continuous improvement. By adeptly navigating interdepen-
dencies, stakeholders can ensure the stability and reliability of the industry amidst 
evolving challenges and uncertainties.

Ultimately, this chapter serves as a guide toward bolstering resilience and 
sustaining the vitality of the oil and gas sector, offering valuable insights for indus-
try professionals and decision-makers in navigating the dynamic landscape of 
interdependencies.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 9

The System’s Sensitivity and Its Use
in Petroleum Research
Calvin Kwesi Gafrey, Robert Wilson and Samuel Tetteh-Abaku

Abstract

Optical spectroscopic approaches, which use radiation to analyze the effects of the
source radiation and its interaction with the material, are often preferred since many
processes in the optical spectroscopy domain include non-ionizing radiation. They are
also easier to set up, take up less space, and require less expensive apparatus. The
study of reflection, absorption, transmission, and scattering qualities in optical spec-
troscopy reveals information on a material’s molecular makeup, crystal structure,
scattering coefficient, and absorption coefficient, among other characteristics. The
molecules’ electronic transitions, vibrational and rotational energies provide informa-
tion used in optical spectroscopy investigations. Among the many other pertinent
techniques already stated, petroleum exploration researchers have used X-ray fluo-
rescence and laser-induced fluorescence techniques. These easy-to-use
spectrochemical techniques can be utilized for environmental pollution evaluation
and quality assessment if no other sophisticated methods are available for the analysis
and research of crude oils and petroleum products.

Keywords: laser-induced fluorescence, crude oil, refined fuels, principal component
analysis, fluorophore and physicochemical parameters

1. Introduction

Depending on how much hydrogen is present in it, petroleum can be classified
as a paraffin, intermediate, or naphthenic base. The exact makeup of petroleum’s
hydrocarbon and non-hydrocarbon components is presented in Tables 1 and 2,
respectively. It is the main energy source for modern civilization, which currently
supplies 85% of the world’s energy needs, and this trend is expected to continue [1]. It
takes millions of years for crude oil to develop and then be extracted. You may find
these natural oils all around the world. They are obtainable from a wide variety of
other geological sources and include intricate trace elements that define the geological
makeup of the area and, consequently, the oil field [2].

Crude oil composites consist of non-hydrocarbon components such as sulfur
(S), nitrogen (N), oxygen (O), trace elements, and salts as well as aliphatic,
aromatic, high-molecular-weight organic molecules [3]. Trace elements, including
iron, zinc, cobalt, nickel, sodium, and magnesium, characterize the characteristics
of crude oil and the host sediment [4, 5]. The kind of technology to be utilized for
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drilling and refining depends on their qualities. Oil wells and different oil fields
may have varied compositions of crude oils because of their diverse geological
origins [6].

Hydrogen
family

Characteristics Major hydrocarbons Observations

Paraffins Straight carbon chain Methane, Ethane, Propane,
Butane, Pentane, Hexane

General formula CnH2nþ2

The boiling point increases as
the number of carbon atoms
increases.
With the number of carbon
atoms 25–40, paraffin becomes
waxy.

Isoparaffins Branched carbon chain Isobutane,
Isopentane,
Neopentane,
Isooctane

N/A

Olefins One pair of atoms of
carbon

Ethylene,
Propylene

General formula CnH2n

In crude oil, olefins are not
present but are produced during
the process.
Olefins with low molecular
weight have excellent anti-
knock properties.

Naphthenic
compounds

Five or six atoms of
carbon in the ring

Cyclopentane,
Methyl cyclopentane,
Dimethylcyclopentane,
Cyclohexane, 1,2-
Dimethylcyclohexane

General formula CnH2nþ2 � 2Rn

RN is the number of naphthenic
rings.
By weight, the average crude oil
contains around 50%
naphthene.
Naphthenes are modestly good.

Aromatic
compounds

Six carbon atoms in the
ring with three around
the linkage

Benzene, Toluene, Xylene,
Ethyl Benzene, Cumene,
Naphthalene

In kerosene and lubricating oil,
aromatic compounds are not
desirable.

Table 1.
Petroleum hydrocarbon composition [3].

Non-
hydrocarbons

Products Observations

Compounds of
sulfur

Hydrogen
sulfide

Unwanted due to foul odor (0.5 to 7%)

Compounds of
nitrogen

Quinoline
Pyridine
Pyrrole
Indole

After exposure to sunlight, the presence of nitrogen compounds in gasoline
and kerosene degrades the color of the fuel. They can cause gum
formation.
Less than 0.2%, usually.

Compounds of
oxygen

Naphthenic
Phenols
and acids

These acids lead to corrosion and contamination problems at various stages
of the manufacturing process. Materials trace amount to no more than 2%.

Table 2.
Non-hydrocarbon composition of petroleum [3].
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Understanding the properties of crude oil from a specific geological source is one of
the most important factors in drilling optimization. Furthermore, the features offer accu-
rate details regarding the type of refinery technology required for processing and envi-
ronmental safety requirements [5]. Without adequate data analysis to identify the right
technology to target the ideal drill location, a great deal of time, money, and environ-
mental damage would be incurred [4, 5]. Therefore, the petroleum industry places great
importance on the development of scientific processes and procedures for determining
the characteristics of distinct crude petroleum oils from different geological sources.

Studies have demonstrated that the quality of crude oil is ascertained chemically
using techniques like the Grote-Krekeler, Herman, and Mortiz procedures, among
other non-spectroscopic techniques. To get the desired findings, they must heat the
samples for several hours at temperatures as high as 750°C [7]. These procedures are
not only time-consuming and somewhat costly, but they also damage the samples by
requiring many steps.

The ease of use and samplemanagement in spectroscopy have facilitated the creation
of novel spectroscopic methods for figuring out the physicochemical characteristics of
petroleum products. These methods have become more relevant in the examination of
crude oil because they have a distinct diagnostic process [8]. In petroleum technology,
non-destructive spectroscopic methods like Gamma Spectroscopy (GS), X-ray Fluores-
cence (XRF), and Laser-Induced Fluorescence (LIF) are most frequently employed for
the examination of crude oil [6]. The rationale for using these methods is that they
provide quick responses, display excellent sensitivity and selectivity, and include useful
details on the inherent chemical properties of any sample they analyze [6].

Scientists now prefer to employ laser-induced fluorescence, X-ray fluorescence,
and gamma spectroscopy techniques because they offer more precision and accuracy
when identifying main and minor elements and minerals. Spectral line interference is
not very prevalent, and sample preparation is non-destructive. The specimen form
can be paste, liquid, gas, solid, or powder. A standard wavelength fingerprint for
crude oils can be created using the fluorescence spectrum profile of the light and
heavy oils obtained by laser-induced fluorescence [8].

It is possible to determine a substance’s elemental makeup using X-ray fluores-
cence. Compared to techniques like Instrumental Neutron Activation Analysis
(INAA), which was employed to characterize the Jubilee and Saltpond crude oils, it is
preferable due to its ease of sample handling [6]. Despite INAA’s ability to assess
sulfur contents, sample preparation using standards presented a challenge. Compared
to X-ray fluorescence spectroscopy, which employs computational techniques to pre-
cisely identify the sulfur components in crude oil, this method is comparatively costly
and laborious. Natural oils with high sulfur content release dangerously high amounts
of sulfur dioxide (SO2), which are harmful to both human health and the environ-
ment. Suffocation, increased breathing rates, and lung inflammation are among the
respiratory effects of sulfur dioxide [6, 9, 10]. The worsening of chronic bronchitis,
asthma, and eye and throat irritation is the most detrimental health impact. It plays a
part in the creation of acid rain, which seriously damages materials, aquatic and
terrestrial ecosystems, as well as the human population [11].

2. Non-hydrocarbons

The amount of knowledge on the composition of petroleum has expanded because
of newly invented tools and methods. Researchers can identify the class of
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hydrocarbon structures as well as the composition of all hydrocarbons and their
structures [3, 12]. Examples of these new techniques include nuclear magnetic and
paramagnetic resonances. These techniques offer information about individual
hydrocarbon composition. The discovery and recovery of trace elements from crude
oil are technically complex and have yet to be regularly used, although scientific
experimentation is in progress [11]. Table 3 displays the elemental percentage range
showing element versus composition by percentage.

Any specific hydrocarbon species’ physical and chemical characteristics depend on
the kind and quantity of chemistry between its carbon atoms and the amount of
carbon atoms in the molecule [14]. The yield and quality of refined petroleum prod-
ucts are determined by the various proportions of the enormous hydrocarbon class
and distribution, not to mention the percentage composition of single and other multi-
elements and their impact on crude oil. The refined fuels’ market price assessment
fluctuates based on the current average price of all crude oils [6]. The yield quality of
refined petroleum is determined by classifying it into lighter and heavier grades.
Lighter grades offer quality yields, while heavier grades require a carbonization
procedure.

Petroleum quality and sulfur concentration are related. Crude oil’s value on the
global market is primarily determined by its American Petroleum Institute (API)
gravity, with higher gravity oils fetching higher prices. Crude oils with low sulfur
concentrations are considered sweet on a global scale. The range of sulfur contents for
sweet and sour crude is around 0.1–0.5% and 1–3.3%, respectively [11, 13]. Heavy-
grade and sour crude oils are less popular on the market than light and sweet crude oils
because they need more work to process. Because of their low API gravity, heavy oils
require more time, money, and energy to refine, making light and sweet crude oil the
most profitable [3].

3. Measurement techniques used in petroleum research

Optical spectroscopic approaches, which use radiation to analyze the effects of the
source radiation and its interaction with the material, are often preferred since many
processes in the optical spectroscopy domain include non-ionizing radiation. Addi-
tionally, they are easier to set up, consume less space, and have inexpensive instru-
mentation [15–17]. The study of reflection, absorption, transmission, and scattering
qualities in optical spectroscopy reveals information on a material’s molecular

Element Composition (%)

Carbon 38–87

Hydrogen 10–14

Nitrogen 0.1–2

Oxygen 0.05–1.5

Sulfur 0.05–6

Metals < 0.1

Table 3.
Elemental percentage range [13].
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makeup, crystal structure, scattering coefficient, and absorption coefficient, among
other characteristics. The electronic transitions, vibrational and rotational energies of
the molecules provide information that is used in optical spectroscopy investigations
[13, 17, 18].

The aforementioned parameters are ascertained using two analytical methods.
These are molecular spectroscopy and elemental or atomic spectroscopy. Among the
frequently used measurement methods in molecular spectroscopy are fluorescence
spectroscopy (FS), absorption spectroscopy, Fourier transform infrared spectroscopy
(FTIR), and Raman spectroscopy (RS). An optical method for analyzing emissions
brought on by photons being absorbed by an atom is called fluorescence spectroscopy
[10, 13, 19]. Atomic electronic transitions are the source of fluorescence emission,
which happens in the electromagnetic spectrum’s optical range between 300 and
700 nm. This method’s sensitivity and specificity make it appropriate for molecular
analysis [17, 20]. Both liquids and solids have wide emission bands of fluorescence.
Excited species typically de-excite in a few nanoseconds to microseconds after
absorbing energy and releasing light at a wavelength that is longer than that of the
excitation. A photomultiplier tube (PMT) or filtered photodiodes are used to record
this fluorescent light [21].

4. The process of fluorescence

Luminescence, the term for the emission of light from any substance, is the result
of electrically excited states. Depending on the type of excited state, luminescence is
technically divided into two groups: fluorescence and phosphorescence [20]. When
stimulating radiation persists, a substance that has absorbed energy releases it as light,
a process known as fluorescence [22]. When photons are emitted, the second electron
in the ground-state orbital is paired with the excited singlet state electron in the
excited orbital, and the electrons quickly reach the spin-allowed ground state [20].
Fluorescence emission rates are approximately 108 s�1 on average, meaning that a
typical fluorescence lifetime is close to 10 ns (nanoseconds) (10� 10�9 s) [17, 20].

5. The fluorescence emission theory

Lakowicz [20] asserts that the fluorescence lifespan and quantum yield of a
fluorophore, a fluorescent substance, are its most crucial properties. The lifetime
establishes how long the fluorophore has to interact or diffuse in its surroundings,
whereas the quantum yield is the ratio of photons released to photons absorbed. The
quantum yield is determined by the fraction of fluorophores that decay by emission,
which is expressed as

Q ¼ Г
Гþ knr

(1)

where (Γ) denotes the fluorophore’s emission rate and non-radiative decay rate
So knrð Þ [13, 20].

The lifespan of fluorescence is close to 10 ns. The lifetime expression is provided
by the equation;
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τ ¼ 1
Гþ knr

(2)

The fluorescence process is depicted in Figure 1 through a condensed Jablonski
diagram. Since not all molecules release photons at exactly t = τ, the lifetime is an
average of the amount of time spent in the excited state. Known as the intrinsic or
natural lifetime, it is the fluorophore’s lifespan in the absence of a non-radiative
process and is determined by the equation;

τn ¼ 1
Г

(3)

where τn is the natural lifetime.
The radiative decay Г can be calculated using

Г ¼ 2:88� 10�9 n2

ð
F vð Þdv

ð
F vð Þdv=v3

ð
ε vð Þ
v

dv

¼ 2:88� 10�9 n2 < v�3 > �1
ð
ε vð Þdv

v

(4)

where ε (v) is the absorption spectrum, n is themedium’s refractive index, and F (v) is
the emission spectrum displayed on the wavenumber (cm�1) scale [13, 20]. It works
rather well, especially for polynuclear aromatic hydrocarbons, and the integrals are cal-
culated over the So $ S1 absorption and emission spectra. For a variety of uses, fluores-
cence spectroscopy has developed into multiple formats. These include, among other
methods, Fourier Transform Infrared Spectrometry (FTIR), Time-Resolved Laser-
Induced Fluorescence (TRLIF), Rapid Optical Screening Tool (ROST), Temporal Fluo-
rescence Alteration (TFA) analysis, and Laser-Induced Fluorescence (LIF) [13].

Figure 1.
A condensed Jablonski diagram that illustrates the fluorescence procedure.
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Beyond its high sensitivity and excellent selectivity, LIF is unquestionably a vital
instrument for environmental monitoring [13, 23, 24]. Since soil and water contamina-
tion poses a serious threat to the ecosystem, it is necessary to conduct an in-depth study
using low-cost methods [25]. Compared to non-spectroscopic approaches, using LIF for
the study and analysis of refined fuels offers significant advantages in terms of sample
size, analytical precision, ease of sample handling, and potential in situmeasurements
[8, 13]. The reaction of aromatic molecules with electromagnetic radiation produces
fluorescence emission from refined petroleum.

The physicochemical characteristics of the studied samples impact the fluores-
cence spectra and their intensities [8, 26]. Therefore, evaluating the quality of
petroleum-related goods using LIF as a quick and straightforward spectrochemical
instrument is conceivable. The fluorescence spectra and their intensities are affected
by the physicochemical properties of the samples under investigation [8, 26]. There-
fore, it is plausible to use LIF as a fast and straightforward spectrochemical tool in
assessing the quality of petroleum-related products.

The most popular measurement method that organic petrographers use to charac-
terize sedimentary organic materials is called temporal fluorescence alteration (TFA)
analysis [27]. This phenomenon mainly involves irreversible and frequently stunning
changes in color and intensity, which happen when fluorescent macerals are continu-
ously exposed to ultraviolet (UV) radiation. The petrochemical base of petroleum
samples has been examined and understood by applying the TFA analysis. Organic
petrographers now understand that the maturity and type of irradiation maceral are
the primary determinants of the kinetics and amplitude of this occurrence, thanks to
these observations examined in the TFA analysis [27].

For hazardous waste sites, the Rapid Optical Screening Tool (ROST) offers real-
time field screening of the chemical and physical properties of soil contamination
caused by petroleum [28]. A cone penetrometer probe (cone penetrometer tube
(CPT)) coupled to a laser-induced fluorescence sensor makes up the ROST. Any
traditional CPT system with a sapphire window installed outside the stainless-steel
probe and above the cone penetrometer tip can be used with the ROST system. The
ROST sensor is a trustworthy field screening tool because light from an excited laser
travels through the sapphire tip and fluoresces, providing information on the aromatic
pollutants in the soil [29].

Petroleum research and exploration employ several potent optical techniques, one
of which is Time-Resolved Laser-Induced Fluorescence (TRLIF). TRLIF is a unique
method for detecting fluorescent metal ions in soil, petroleum products, and tainted
marine samples [30], in addition to being a practical method to detect oil contamina-
tion in water up to a concentration of 0.5 ppm (parts per million). In the presence of
silicic acid (Si(OH)-4), TRLIF in conjunction with parallel factor analysis
(PARAFAC) showed its special usefulness in the identification of uranyl (UO22+)
[13, 31, 32]. Determining the elemental concentrations in crude oil samples, refined
fuels and petroleum gases may not be possible, particularly if the method does not
reveal the levels of concentration in the oils [13, 30].

6. Inner electron spectroscopy

High-energy electromagnetic waves known as X-rays are created when quickly
moving electrons come to a stop. The characteristic component and the Bremsstrah-
lung make up the radiation that is produced [13, 17]. Two types of X-rays are
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produced during the process of X-ray emission: continuous X-ray radiation and dis-
tinctive X-ray radiation. When high-energy electrons in an X-ray tube are decelerated
by the electric field of a metal target, continuous X-ray radiation is created [13, 17].
This procedure produces an X-ray energy spectrum that is continuous, without any
noticeable peaks, and ranges from low to high. On the other hand, when outer-shell
electrons transition to replace the vacancies left by inner-shell electrons being
expelled from atoms in the target material, characteristic X-ray radiation is created. As
a result, X-rays with certain energies that correlate to the energy differential between
the implicated electron energy levels are released. These energies show up in the X-ray
spectrum as discrete peaks that are indicative of particular elements [13, 17].

When charged electrons are attacked, they decelerate and alter their direction of
motion, which excites the atom to a higher energy level and produces the Brems-
strahlung (continuous part). As seen in Figure 2, an electron hole is seen to travel out
of the other shells to cause the transition to a lower energy state. The consecutive
atomic energy losses are obtained as a sequence of emission lines. The migration of the
electron hole from the L-shell to the M-shell is represented by the transition, which is
shown by K-α, K-β, K-γ [13, 17].

The discovery of X-rays and electromagnetic radiation with a wavelength similar
to the size of separation between crystal planes (0.1 nm) was made by Wilhelm C.
Röntgen. This was looked at by Max von Laue, William Henry Bragg, and William
Lawrence Bragg in their X-ray-based analysis of crystal structures. This was a signif-
icant turning point in the history of X-ray crystallography. Atomic X-ray studies have
produced an extremely accurate mapping of inner electrons’ energy levels, and many
emission line wavelengths have now been determined [17]. The energy states of the
inner electron shells are relatively less affected by the atoms’ chemical surroundings.
Therefore, a spectral analysis of the distinctive X-ray emission is a good choice for
elemental analysis. Moseley’s law provides the relationship between an X-ray line’s
wavelength and the nuclear charge Z of the associated atom;

Figure 2.
X-ray transition of inner electron energy levels.
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1=
ffiffiffi
λ

p
¼ C Z � σð Þ (5)

According to the law, the square root of the X-ray emission frequency is related to
the atomic number. A particular spectral species is characterized by constants C and σ
[17]. Bohr’s fundamental atomic model can be used to derive the law of Moseley.
Figure 3 displays a Moseley diagram for K_α and L_α emission. It is possible to
identify components in a sample by using an illustration like this one.

7. X-ray emission spectroscopy

One of the traditional inner-shell photoelectric effect methods is X-ray emission,
which can be created by employing energetic electrons or heavier charged particles. It
is possible to observe fluorescence by creating an inner-shell vacancy in the material
by X-ray radiation. As long as the stimulating radiation is present, a portion of the
energy a substance absorbs is released as light, by a process known as fluorescence
[13, 33].

8. Energy-dispersive spectroscopy

It is efficient to process X-rays with an energy-dispersive device. This method does
not require any crystal examination because the radiation hits an energy-dispersive
detector straightaway. The energy of the X-ray quanta is employed to generate voltage
pulses via a silicon lithium-doped detector (Si (Li)). An Analog-to-Digital Converter
(ADC) in a multi-channel analyzer (MCA) is used to separate the pulses based on
their energy (amplitude) [17]. On a system display, the entire spectrum gradually
becomes visible. The linewidth is derived from a 150 eV silicon lithium-doped

Figure 3.
Diagram that demonstrates Moseley’s Law.
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detector (Si (Li)) detector. It is possible to perform multi-element analysis using the
energy-dispersive system [13, 17].

9. The sensitivity of the system and its application in petroleum research

The signal of a standard sample divided by the root mean square noise level is a
common way to express a system’s sensitivity. This makes it possible to compare the
various methods and approaches employed in experimental research across laborato-
ries worldwide. Researchers have increasingly turned to light and light-based spectro-
scopic techniques to examine sample characteristics and explore material qualities
[10, 34, 35]. Because they are non-destructive, spectroscopic techniques frequently
involve little to no sample preparation and offer quick analysis [10, 34, 35].

The fuel production process has adjusted to a global trend of reduced toxic
chemicals in combustion products [34]. Numerous standardized processes can be used
for different fuel classes when determining the elemental composition of crude oils
and petroleum fuels. For this reason, an analysis method like X-ray fluorescence is
necessary. Two recommended methods are used to assess the sulfur concentration in
diesel oils, aviation fuels, and crude oils. The Slovak Technical Standard, like the
European Standard, uses Wickbold’s method to determine elemental composition and
Grote Krekeler’s method (ASTM D 1551), which proved uncomfortable.

Since practically every element in the periodic table can be found in crude petro-
leum oil, determining and measuring the concentration of element composition in
crude is essential and of interest [9, 10, 13]. Information on these components is
important and vital for drilling, environmental contamination assessment, and oil
field development [6, 9, 10, 13].

10. Experimental setup of laser-induced fluorescence (LIF) measurement

The components of this spectral research or analysis setup are an analyte, a
detecting equipment, and a radiation source. The radiation source is a 405-nm wave-
length continuous-wave (CW) diode laser with a maximum output power of 100 mW
(milliwatt). It has a laser diode driver with transistor-transistor logic (TTL) modula-
tion of 0–20 kHz that requires an output voltage and current of 12 V and 2 A,
respectively. Optical elements were employed, including a fiber port micro-positioner
(PAF-SMA-5-B, Thorlabs, USA) and a bifurcated optical fiber probe (Ocean Optics,
USA). When the optical fiber cable is in use, it functions as an entrance slit through
which light enters. The bifurcated optical fiber, which has a core diameter of 600 μm,
was linked to the fiber port positioner, which directed the beam out of the microscope
objective lens (CP09/M, Thorlabs, USA).

The fluorescence of the crude oil and refined petroleum samples was detected
using a detection system consisting of a 450-nm cut-off long-pass filter and a CCD-
based USB2000 spectrometer (USB2000, Ocean Optics). This spectrometer responds
to photon activity between 200 and 1100 nm and runs on low power characteristics of
100 mA at 5 V. An asymmetric crossed Czerny-Turner optical bench disperses the
light onto a 2048-element linear silicon CCD array detector. The CCD detector’s data
are obtained by selecting an integration time between 1 and 60 ms. The gathered data
are converted into digital form and sent to the Ocean Optics USB2000 spectrometer’s
001Base32 operating software on the personal computer (PC).
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The operating software for the 001Base32 spectrometer is a 32-bit program that
can be customized by the user for advanced retrieval and display applications. The
real-time measuring display enables the user to make choices and modifications. A
significant amount of data can be automatically saved and transferred to other soft-
ware platforms for additional analysis. The program is computer-controlled for data
collection (Figure 4).

11. Laser-induced fluorescence (LIF) measurement

At the Laser and Fiber Optics Centre (LAFOC), Department of Physics, University
of Cape Coast (UCC), the fluorescence intensities of four crude oil samples were
measured using a laser source. Each of the four samples had five replicates, labeled JF,
TF, SF 1, and SF 2. Every sample was exposed to a 405-nm CW diode laser. The
fluorescence that was released was collected and passed through an optical fiber that
was placed behind a converging lens 90 degrees away from the sample. The fiber was
then sent through a long-pass filter and onto the USB2000 spectrometer (Ocean
Optics, USA), where the spectrum was shown on a computer screen. After the spec-
trum was obtained, the data from every sample were preserved. The 001Base32
program exported the spectrum’s intensity and wavelength data into MATLAB
(MATLAB R2019a) for additional processing and analysis.

12. Data interpretation for LIF measurement

Each sample’s fluorescence spectra were deconvolved to identify the hidden peaks
that contributed to the overall spectra. To find the similarities and differences in the
data collected, an unsupervised pattern recognition approach was used: Principal

Figure 4.
Diagrammatic schematic of the LIF measurement apparatus displaying the analyte (crude oil), the radiation
source (diode laser), and optical parts (Fiber Probe) and the detection method (Spectrometer) using a filter.
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Component Analysis (PCA). A classification model was created using the input vari-
ables from the PCA’s Score plot.

From the four crude oil samples that were sampled from the four distinct oil wells,
600 LIF spectra were acquired. The training set consisted of 400 LIF spectra or
66.67% of the total LIF spectra that were acquired. For the verification set, 200 LIF
spectra, or 33.33% of the total LIF spectra, were used.

13. Experimental setup of X-ray fluorescence measurement (XRF)

The AMP TEK X-123 Experimenter Kit (AMPTEK INC., USA) with a rapid silicon
drift detector (SDD) was used in this investigation. Stainless steel 316 (SS316) test
sample, collimator, and filter holder-designed Mini-X USB (universal serial bus)-
controlled X-ray tube (radiation source), and XRS-FP2 quantitative analysis software
package interfaced with a computer for material analysis are all part of this system.
Three distinct application modes are available for it:

1.Single-layer samples (XRS-FPS BULK) for single-layer thickness and
compositional analyses.

2.Samples of multiple layers of thin films for the study of composition and multiple
layers’ thickness (XRS-FP2 MTF).

3.Single-layer samples, utilizing an incoming electron beam rather than an X-ray
beam to determine composition and single-layer thickness (XPS-FP2 EPXA). The
radiation source and test stand with shielding and sample enclosure eliminate the
risk of radiation leakage, as shown in Figures 5 and 6, respectively.

14. Scale calibration in the Amptek DPP MCA

The Amptek DPPMCA program elaborates on the scale calibration process. For the
calibration, two peaks were selected, and their energies were recorded.

Figure 5.
In-built Mini-X-ray tube radiation source.
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Every peak’s region of interest (ROI) was indicated. Clicking the left base of the
first picked peak highlighted the entire peak with the pointer while holding down the
“U” key.

The calibration dialog box was accessed and moved to display the peaks using the
“Calibrate” toolbar key. Information was added, and the apex was emphasized.

After adjusting the regions of interest’s beginning and endpoints, the centroid
button on the conversation box was pressed to enter the peak’s center position in the
Channel box. After taking the same actions as before for the first peak, the cursor was
placed once more into the second peak. To finally calibrate the scale in kiloelectron-
volt (keV), the energy units (keV) were entered into the Unit box.

15. XRF measurement

Using a calibrated Pasteur tip ejector pipette, every sample was transferred into
two-milliliter plastic cups secured by clear plastic sheaths known as Mylars. The
Mylars were soaked in strong acetone and then cleaned with filtered water to avoid

Figure 6.
Kit for AMPTEK EXP-1 X-123 XRF experimentation displaying the Mini-X-ray tube radiation source and
spectrometer (X-123) both located below the container for radiation protection.

183

The System’s Sensitivity and Its Use in Petroleum Research
DOI: http://dx.doi.org/10.5772/intechopen.1005659



any surface contamination. To confirm the accuracy and consistency of the measure-
ments, four replicates of each sample were examined [10, 13].

At the Ghana Atomic Energy Commission (GAEC), Kwabenya, the National
Nuclear Research Institute (NNRI) facility is the location where the X-ray fluores-
cence measurements were conducted. The EXP-1 XRF Experimenter Kit was used to
conduct radiation exposure on four sets of samples that were delivered to the Spec-
trometry laboratory. The system was run at 45 kV of voltage and 5 μA (microamperes)
of current. The system consists of a DP5 Digital Signal Processor and an X-123 Com-
plete X-Ray Spectrometer with an SDD detector. The Mini-X X-ray tube has a sample
chamber, a radiation-shielding container with safety interlocks, a collimator, and a
location to mount filters. Figure 7 depicts the sample holder within the shielding
compartment, whereas Figure 8 displays the shielding chamber along with its safety
plunger.

16. Data analysis of XRF measurement

Amptek DPPMCA software package for spectrum analysis was used for qualitative
analysis to determine constituents in the sample. Trace element identification is made
simple by features like background subtraction, centroids of known regions of inter-
est, spectra scaling, etc. The acquired data were stored in widely supported software
formats, such as ASCII (American Standard Code for Information Interchange) or
Amptek MCA. The bAxil software version 1.6 was used for quantitative analysis to
determine the sulfur contents of the sampled crude oil samples. Without the need for

Figure 7.
Sample holder inside the AMPTEK shielding compartment EXP 1 X-123 XRF Experimenter Kit displaying the
detector for the sample arrangement.
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standards, the software was able to calculate the elemental concentrations from the
examined spectra by calculations based on the Fundamental Parameter approach [13].

17. Results and discussion

17.1 Deconvolution of fluorescence spectra in samples of crude oil

The Gaussian Function Fitting approach was used to deconvolve each sample’s
spectra and retrieve information about the concealed fluorescence peaks. JF, TF, SF 1,
and SF 2 oil wells’ deconvoluted fluorescence spectra are displayed in a composite
graph (Figure 9). These fits had correlation coefficients (r2 values) greater than 0.99.

The deconvoluted fluorescence spectra were made up of Gaussian components
that were measured at various peak intensities and wavelengths. It is evident from
Figure 9 that the important fluorescence peaks fall between 510 and 750 nm in
wavelength. These fluorescence peaks match other researchers’ observations of

Figure 8.
The safety plunger-equipped shielding section displaying the AMPTEK EXP 1 X-123 XRF experimenter’s safety
features set.
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fluorescence emission results for crude oils [9, 13]. Given that they are both drilled in
the same field, the peak wavelength similarities between SF 1 and SF 2 indicate that
they may share chemical features and have similar fluorophores. Table 4 displays the
deconvoluted fluorescence spectra’s peak wavelengths and intensities.

The differences in the peak wavelengths suggest that the crude oil samples from oil
wells JF, TF, and SF have different fluorophore compositions and do not have the
same molecular characteristics [8, 9, 13]. Table 5 displays the mean maximum wave-
length values of the deconvoluted fluorescence spectra for the oil samples. For the first
time, the conventional deconvoluted peak wavelength range of 510–750 nm is

Figure 9.
Deconvoluted fluorescence spectra of (a) JF, (b) TF, (c) SF 1, and (d) SF 2 showing the hidden peaks.
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provided by these average peak wavelengths, identifying the precise peak wavelength
range at which fluorescence is taking place. The peak wavelengths also imply that the
fluorescence emission in the crude oil samples JF, TF, and SF is caused by five distinct
fluorophores.

18. Crude oil sample fluorescence spectroscopy data: principal component
analysis (PCA)

Investigating Principal Component Analysis (PCA) to identify the fluctuations in
the fluorescence spectra was worthwhile to gain a deeper understanding of the dis-
tinctions between JF, TF, SF 1, and SF 2. By lowering the dimensionality and collecting
the principal component coefficients and eigenvalues of the data’s covariance matrix,
the PCA was able to simplify the sizable data set that was acquired from the fluores-
cence measurements. After that, each spectrum was plotted as a single point in PC
space using the variance for the complete set of data.

The scree plot displaying the eigenvalues of the covariance matrix of the crude oil
sample fluorescence spectra is displayed in Figure 10. It chooses which principal
components to preserve in a principal component analysis (PCA) or how many vari-
ables to keep in an exploratory analysis (EA).

JF TF SF 1 SF 2

Peaks λ nmð Þ I a:u:ð Þ λ nmð Þ I a:u:ð Þ λ nmð Þ I a:u:ð Þ λ nmð Þ I a:u:ð Þ
1 508 2350 510 1576 511 1465 511 1438

2 556 2257 560 1535 562 1557 562 1495

3 604 1331 614 990 616 1107 616 1075

4 645 623 670 404 675 479 675 468

5 695 335 726 130 736 139 736 138

Table 4.
Deconvoluted fluorescence spectral results for crude oil specimens from each of the four oil wells.

Peaks Wavelength (nm)

1 510.00 � 1.41

2 560.00 � 2.83

3 612.50 � 5.74

4 666.50 � 13.87

5 723.25 � 19.41

Data behind � for this work are standard deviations.

Table 5.
Average peak fluorescence wavelength values of deconvoluted spectra of crude oil samples from the oil fields JF,TF,
SF 1, and SF 2.
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According to the amount of explained variation of the eigenvalue as well as previ-
ous research [9, 13, 36], the best potential principal components may finish at the
point where the scree plot flattens and levels out. To represent all of the data, two
principal components (PCs) were chosen. The maximal variance in the fluorescence
spectra was maintained by the two PCs (first principal component (PC1) and second

Figure 10.
The number of major components and how much each one contributes to the variation in the data set described as a
percentage.

Figure 11.
Information-giving loadings plot shown from the PCA of the LIF spectrum regarding the noteworthy causes of
variance found in the data.
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principal component (PC2)). In the fluorescence spectra, PC1 contributed 99.59% and
PC2 0.38% of the 99.97% disparity.

Figure 11 displays the loadings or coefficient plot. It consists of the principal
component coefficients (PCCs). The wavelengths are represented by the rows of the
primary components, while the principal components are represented by the columns.

The loadings plot displays the range of 450–800 nm where the variations and
similarities in the fluorescence spectra may be seen. It also shows how the four crude
oil samples were grouped in a certain way. This map aids in illuminating the observa-
tions’ trends. The plot indicates that the range of 470–570 nm is where the significant
variances in the fluorescence spectra occur. The fluorescence spectra are clustered in
PC space according to the two important PCs that were chosen, and the variance for
the whole set of data is displayed in the Score plot in Figure 12.

Since sample JF was isolated from samples TF and SF along PC1, sample JF’s crude
oil may be heavier than samples TF and SF’s. The variations in the fluorescence spectra
of the JF, TF, SF 1, and SF 2 samples seen in the Score plot are explained by the
negative loadings for PC2, which display a trough. It is consequently possible to report
that the composition of crude oil varied from oil field to oil field as a result of the
various geological sources from which the samples were collected. The PCA has
demonstrated that the LIF of the crude oils from these four distinct wells can be
distinguished using just two PCs.

19. Conclusion

Energy-dispersive X-ray fluorescence (EDXRF) and Laser-Induced Fluorescence
(LIF) were employed. The samples’ LIF spectra revealed five prominent peaks in the

Figure 12.
Score plot from Principal Component Analysis of PCs 1 and 2; the LIF spectra of the four samples of crude oil—JF,
TF, SF 1, and SF 2.
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510–750 nm spectral range, which is indicative of light, sweet crude oils with low
specific gravities, often known as high API gravities. Hidden fluorescence peaks in the
fluorescence spectrum were extracted by deconvolving the normalized LIF spectra of
the samples. JF, TF, SF 1, and SF 2 were found to belong to five main fluorescence
spectral groupings from the four different geological zones from which they were
obtained. These groupings had distinct maximum peak positions at (510.00 � 1.41)
nm, (560.00 � 2.83) nm, (612.50 � 5.74) nm, (666.50 � 13.87) nm, and
(723.25 � 19.41) nm. The varying concentration levels of the various fluorophores
contained in the crude oil samples are reflected in these prominent fluorescence
bands.

The collected LIF spectra were analyzed using rincipal Component Analysis (PCA)
to determine the differences and similarities. Based on the LIF spectra, this
unsupervised pattern recognition approach (PCA) classified JF, TF, SF 1, and SF 2
according to their geological positions and found cluster trends in the spectral data. As
a result, PCA demonstrated that every crude oil sample came from a distinct geolog-
ical zone.

Utilizing the energy-dispersive X-ray fluorescence method, the crude oil samples’
sulfur content was determined and measured. It was possible to describe the samples
according to the amounts of sulfur in them. All of the crude oil samples examined in
this paper can be categorized as sweet crude, even though the data indicated that the
Tweneboa Enyenra Ntomme (TEN) Oil Field had the greatest sulfur concentration.

Petroleum products are anticipated to differ because crude oil comes from a vari-
ety of geological sources. Four distinct oil fields provided four samples of crude oil.
Studies have been conducted on Ghana’s coastal arches’ Jubilee oil fields (JF), TEN oil
fields (TF), and Saltpond oil fields’ Wells 2 (SF 1) and 4 (SF 2). Energy-dispersive X-
ray fluorescence (EDXRF) and Laser-Induced Fluorescence (LIF) were the two spec-
troscopic methods employed.

This study sought to review how LIF and EDXRF can be employed as fast and
straightforward spectrochemical techniques to characterize crude oils and refined fuel
products, which confirmed that products of crude oil, such as petroleum fuels, avia-
tion fuels, and liquefied petroleum gas, may also vary in physicochemical composition
due to their different geological sources and thus require unique spectrochemical tools
such as LIF and EDXRF due to their sensitivity, low-cost, and selectivity advantages
over other methods.
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Chapter 10

Perspectives of a Sustainable 
Future Based on LPG and 
Renewable BioLPG as Fuel 
Suppliers: New Developments and 
Existing Barriers
Lina Montuori and Manuel Alcázar-Ortega

Abstract

This chapter provides an overview on the outstanding production, distribution 
and storage technologies that will likely make the liquefied petroleum gas (LPG) and 
renewable BioLPG expand their utilization as a cleaner alternative to traditional fossil 
fuels. The growth of the Global LPG Market size will be presented, with a focus on US 
and the Europe, the Middle East and Africa (EMEA) regions. Moreover, the incre-
ment of worldwide policies aimed at reducing greenhouse gas emissions (GHGs) will 
be investigated. The growth of the LPG market is primarily propelled by the rising 
demand for a cost-effective and environmentally sustainable substitute of conven-
tional fossil fuels. Concerning the residential sector, the demand for LPG is due to 
such end-uses as cooking, water heating and other household purposes. Regarding 
transportation, LPG’s popularity as an alternative automotive fuel (auto-gas) has 
also contributed significantly to its widespread adoption in this sector. On the other 
hand, the utilization of BioLPG is also going up since it is chemically indistinct from 
LPG and so, it can be ‘dropped-in’ to existing LPG boilers and appliances. Finally, 
the existing barriers and the new developments on this topic will be investigated to 
understand why LPG and BioLPG could represent a great investment for the future.

Keywords: liquefied gas petroleum, BioLPG, barriers, sustainability, renewable energy, 
mobility

1.  Introduction

In a world grappling with the challenges of global warming and climate change, 
liquefied petroleum gas (LPG) is gaining popularity as a clean and sustainable alter-
native source to carbon fossil fuels. Primarily composed of propane and butane [1], 
LPG offers a cleaner burning alternative to traditional fossil fuels, such as coal and 
oil [2]. It is due to the fact that, when ignited, LPG emits significantly lower levels 
of harmful pollutants, including carbon dioxide (CO2), nitrogen oxides (NOx) and 
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particulate matter (PM). Now, according to the World LPG Association (WLPGA) 
[3], LPG emits up to 15% less CO2 than coal and 30% less than oil when used for heat-
ing and cooking purposes. This is because LPG produces less CO2 emissions overall. 
Compared to gasoline, previous studies have demonstrated that LPG produces, 
respectively, 69.94%, 46.48%, and 47.89% lower hydrocarbon (HC), NOx and carbon 
monoxide CO emissions. The lower HC emissions have been demonstrated to be due 
to the higher flame’s propagation speed and combustion temperature of LPG [4, 5].

Furthermore, the impact that LPG has on air pollution is far lower than natural gas 
when used in spark-ignited engines. Previous comparative studies showed as direct 
consequence of its considerably higher methane (CH4) emissions that compressed 
natural gas generates a 10% and 4% higher brake-specific carbon dioxide equivalent 
(bsCO2eq) at low engine loads than LPG. Moreover, LPG fuel consumption is lower 
when producing the same amount of energy, as it has a higher energy content com-
pared to natural gas [6]. Indeed, the European Commission approved a long-term 
strategy for driving EU towards a net-zero GHG economy with the target of reducing 
emissions by 80–95% in 2050. As part of the European Green Deal, the Commission 
proposed on 4 March 2020 the first European Climate Law to enshrine the 2050 
climate-neutrality target into law [7].

In summary: the worldwide awareness that reduction in greenhouse gas emissions 
plays a vital role in mitigating climate change and improving air quality has driven 
LPG to be considered a crucial tool in the fight against global warming. Therefore, 
LPG is a perfect candidate to be the clean alternative to petroleum in the medium 
term for the transition to sustainable fuels and transport [8].

1.1  BioLPG, the renewable and sustainable form of LPG

Some studies, such as Ref. [9], showed how switching fuels to LPG in the imme-
diate term and, progressively, to BioLPG as a direct replacement fuel, can contribute 
to establish pathway towards decarbonization for industrial and commercial 
businesses. BioLPG is a renewable and sustainable form of LPG derived from 
organic waste materials, agricultural residues and other biomass sources with a 
carbon intensity of around 70–80%, which is lower than that for oil. It is also called 
renewable propane and biopropane, as it can reduce the carbon footprint and CO2 
emissions up to 80% [10].

BioLPG can be produced in several ways depending on the feedstock and processes 
used. In Figure 1, the main process currently in use, together with their technology 
readiness level (TRL), is presented.

As it can been seen from Figure 1, among all promising production processes, 
hydroprocessing of vegetable oils (HVO) is the most mature one and, currently, it 
is the main production route for biopropane, able to produce (via HVO and fats) 
significant volume of HVO BioLPG with a process performance in the range of 5–8% 
[11]. Therefore, there is still significant work ahead to implement and test novel 
technologies able to produce BioLPG at commercial scale and at affordable costs to 
end users [10].

The growing interest in BioLPG as renewable fuel can be attributed to the following 
factors: First, BioLPG is produced by renewable crops grown and waste feed stocks, 
which made it an ideal energy solution to meet the EU sustainable goals and enable the 
transition to a circular economy. On the other hand, BioLPG offers similar performance 
and efficiency as conventional LPG as both are chemically identical. Consequently, it is 
compatible with all LPG applications and it can be blended and used by all existing LPG 
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equipment without significant modifications. Moreover, BioLPG offers the same benefits 
as conventional LPG in terms of high quality, low-carbon fuel with reduced emissions 
and improved air quality, but with the added advantage of being renewable and carbon 
neutral. Furthermore, the growing concerns about greenhouse gas emissions resulted 
worldwide in the implementation of supportive policies and incentives to encourage 
the adoption of cleaner fuels as in the UK, where Liquid Gas UK (LGUK) has proposed 
BioLPG as a potential solution to satisfy residual gas needs for off-grid heating to reduce 
carbon emissions [12]. These initiatives, coupled with the increasing availability and 
affordability of BioLPG, have contributed to the rise of its use among industries, house-
holds and the transportation sector [13].

2.  Current trends of the LPG market in US and EMEA regions

Liquefied petroleum gas, together with its eco-friendly sibling, BioLPG, is playing 
a crucial role in reducing greenhouse emissions. To understand what delves into the 
reasons behind the growing popularity of LPG and BioLPG as a competitive clean 
fuel, it is important to be aware of the market trends.

Especially in developing countries, LPG has the prevalent usage as household 
fuel [14]. Such countries as India, Indonesia, Morocco or some South American 
nations still rely on LPG on a daily basis, while others like some countries in Africa 
aim to increase household LPG use up to 80% by 2030 [9].

The recent trend in LPG consumption worldwide shows that, on average, it 
is equal to 54.28 thousand barrels per day (picture from 2021) based on the data 
belonging to 185 countries. The country with the major consumption of LPG in 2021 

Figure 1. 
Feedstocks and processes for biofuel production. Source: Liquid Gas UK [11].
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was China with 2258.97 thousand barrels per day, followed by the USA with 1374.98 
thousand barrels per day [15]. Table 1 shows the Top 10 global countries’ worldwide 
LPG consumption in 2021 (values are expressed in thousand barrels per day).

2.1  LPG market in the USA

In the USA, LPG is predominantly used for commercial and domestic use, heat-
ing or cooking, followed by chemical industry where the LPG’s largest market is 
petrochemical feedstock. Moreover, in agriculture industry, LPG is largely used for 
fueling machinery, livestock-rearing, crop-drying, weed and animal waste disposal. 
Furthermore, it is also used as an engine fuel alternatively to gasoline and as a stand-
by fuel for facilities that have interruptible natural gas service contracts [16]. The U.S. 
field production of propane increased in the past decade and it is forecasted to rise by 
another 5% in 2024. Altogether, the use of LPG for residential and commercial heat-
ing purposes has witnessed an increase of 20%, as shown in Figure 2.

Furthermore, the USA is the largest LPG exporter in the world. LPG exports 
reached 14.5 million tonnes of seaborne volume in the second quarter of 2023, the 
highest quarterly total ever to reach a peak of about 1.7 million barrels per day (b/d) 
exported in March 2023 (see Figure 3).

2.2  LPG market in Europe

In Europe, the versatility of LPG as fuel that can be easily liquefied and stored in 
multiple ways allowed its use in different sectors, such as space and water heating, 
cooking, lighting, power generation, industrial processing, and heating and automo-
tive fueling.

In 2023, Europe’s LPG demand stood at 46.79 million tonnes and it is forecasted 
to reach the 77.68 million tonnes roughly in 2032 [17]. The aviation industry and its 
use for domestic cooking are predominant in European regions but the rising con-
sumption of this fuel in the automotive transportation is driving the growth of the 
LPG market. In fact, auto-gas consumption (as it is called LPG fueled in cars) has 

Global rank Countries LPG consumption, 2021
(thousand barrels per day)

1 China 2258.97

2 USA 1374.98

3 India 886.55

4 Russia 802.34

5 Saudi Arabia 494.83

6 Japan 404.53

7 South Korea 299.92

8 Mexico 278.86

9 Indonesia 271.86

10 Thailand 194.80

Table 1. 
Top 10 global countries’ worldwide LPG consumption in 2021 [15].
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increased more than 10% in the past 5 years, with BioLPG accounting for a significant 
portion of this growth [ 18 ]. 

 Vehicle emissions of millions of EU citizens (including cars and vans) have been 
accounted to be, respectively, for around 12% and 2.5% of the total EU emissions of 
CO 2 , respectively. Therefore, EU governments are promoting initiatives to bolster the 
use of LPG as retrofit fuel for internal combustion engine vehicles, for large vehicles 
and fleet management solutions [ 19 ]. 

 Liquefied petroleum gas, together with BioLPG, can represent a green alternative 
to fossil fuels to meet the EU sustainable targets, especially in urban areas. The 2003 
European Emission Testing Program (EETP) demonstrated that LPG-fueled vehicles 
are 120–180% better than petrol and 2000% better than diesel in terms of NOx. 
Moreover, it is 99% better than diesel in terms of particle emissions what is the clear 
advantage of its use [ 20 ]. 

  Figure 2.
  U.S. field production of propane in thousand barrels. Source: EIA.          

  Figure 3.
  Monthly U.S. propane exports by destination region—January 2004-March 2023. Source: Environmental Impact 
Assessment (EIA).          
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 Recent issues, like COVID-19 and Ukraine war, highlighted the need for build-
ing reliable coordinating measures to secure energy supply. The Directive 2009/119/
EC requires EU Member States to maintain minimum stocks of crude oil and/or 
petroleum products. Likewise, the membership obligations of the International 
Energy Agency (IEA) include maintaining oil reserves equivalent to 90 days of net 
imports [ 21 ]. Moreover, the Russian conflict pinpoints the potential of LPG as natural 
gas substitute in case of disruption due to their physical similarity and compatibility 
with the existing infrastructure. In this framework, EU self-sufficiency can be pro-
moted by adopting LPG for three main reasons: due to its large availability, the overall 
balance in EU consumption and production and the geographical diversifications of 
the imports [ 20 ]. 

 As it is well known, LPG can be derived from a plurality of sources such as crude 
oil and natural gas, and its possible production from biomass (BioLPG), which has 
lately attracted government attention worldwide. Commonly transported as liquid in 
different ways, among its advantages there is the fact that it does not rely completely 
on a fixed reticulated and pipeline infrastructure as it happens with natural gas. 
Rather, it can be transported by using a combination of ways, like ships, road tankers 
and tanker rail cars. These suitable characteristics, together with extensive avail-
ability of LPG and its flexible and decentralized distribution network (as shown in 
Figure 4  ), enable its use in rural and isolated areas that are not served by other energy 
fuels.  

 The LPG industry allows import, storage and pressurized transport of LPG every-
where and it is especially significant in areas that are not served by the natural gas 
distribution infrastructure. Accordingly,   Figure 4   shows the LPG supply chain from 
the production site at refinery or gas receiving terminals to the end user. LPG can be 
imported by pipeline, rail and road or can be containerized. The bulk of storage can 
be refrigerated at atmospheric pressure with a temperature of −43°C or pressurized 
at ambient temperature with a pressure from 4.0 to 13.0 bar. Domestic distribu-
tion of LPG also takes place by road transport, rail, pipelines or ISO (International 
Organization for Standardization) container on road or by sea. 

  Figure 4.
  Map of the LPG industry and distribution. Source: European Commission Joint Research Centre (JRC) [ 22 ].          
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 Regarding the LPG consumption, European countries (based on 27 countries) 
consumed 29.71 thousand barrels per day in 2021, as shown in   Figure 5  . The highest 
value was for Germany, with 116.56 thousand barrels per day, while the lowest value was 
for Luxembourg with 0.33 thousand barrels per day. Only a few European countries have 
included LPG in their energy mix. Germany, France and Italy have strongly embraced 
LPG usage. The reason why Germany and France decided to rely on LPG, mainly for 
the automotive sector, which resides on their market trend that is less affected by prices 
of inflation (like gasoline) and, consequently, LPG results as a convenient, alternative 
fuel [ 23 ]. Moreover, the tough rise of gas price has stressed this tendency and prompted 
many refineries to switch to LPG as a cheaper alternative. In Italy, LPG usage has grown 
in the last years due to a strategic decision of adopting BioLPG as a renewable fuel before 
shifting to electric car or heat pump. Nowadays, BioLPG consumption has reached the 
50% in the automotive sector, 25% for heating and cooking and the remaining by the 
industrial process. Italy is trying to increase LPG production, especially BioLPG, from 
organic sources, which is expected to reach the 5 million metric tonnes/year by 2030 [ 3 ].  

 The EU production is slightly lower than the demand, needing a 6% of LPG net 
import from abroad (  Figure 6  ) but LPG supply is expected to exceed by far the 
projected demand by 2030 [ 24 ].  

 In Europe, the existence of a highly fluid international trading market guarantees that 
LPG imports are geographically diversified.   Figure 7   shows the geographical diversifica-
tion of the European LPG imports, as well as the export terminal locations. In the first 
10 months of 2022, the European Union significantly increased its seaborne imports of 
LPG from the United States, reaching 6.4 million metric tonnes between January and 
October 2022, which represents almost twice the same period in 2021 [ 24 ].  

 The current growth of the LPG market is mainly propelled by the rising demand 
of a cost-effective and environmentally sustainable substitute for conventional fossil 

  Figure 5.
  Liquefied petroleum gas consumption (2021), in thousand barrels per day. Source: Environmental Impact 
Assessment (EIA).          
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  Figure 6.
  Supply vs. demand European LPG (thousands of tonnes). Source: World LPG Association (WLPGA).          

  Figure 7.
  Key European LPG import and export terminal locations. Source: World LPG Association (WLPGA).          
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fuels. In this framework, BioLPG is gaining popularity too since it is chemically 
indistinct from LPG and so, it can be ‘dropped-in’ to existing LPG boilers and appli-
ances. In spite of that, the BioLPG market is still limited and, indeed, if compared 
with LPG global production, BioLPG production is still less than 0.1% [ 25 ]. However, 
it is expected to grow over 2.2 metric tonnes per year (Mt/yr) by 2030 [ 9 ].   

  3.  The role of the LPG and BioLPG towards more sustainable mobility in 
Europe 

 Automotive LPG, also known as Autogas, constitutes together with BioLPG a 
dynamic duo widely used in the EU as alternative to fossil fuel. Benefits of using 
Autogas are related to its large availability, safety, lower emissions and the lower cost 
they entail if compared with gasoline and diesel (  Figure 8  ). Studies have demon-
strated that Autogas-fueled vehicles emit over 20% less carbon monoxide, 10% less 
CO 2  and more than 40% less nitrogen oxides than gasoline engines [ 26 ]. Moreover, 
minimum adaptations to the existing infrastructure are required to use LPG, with 
minimum investment in infrastructure [ 27 ].  

Figure 9   provides an overview of the average Autogas price, showing that it is 
more convenient, from the economic point of view, than fossil fuels (petrol and 
diesel). As it can be seen, Autogas is an appealing solution towards the green EU path-
ways as it is an economic alternative. The large availability of this fuel and the surplus 
of its supply, able to afford the ensuing growth in the demand together with favorable 
tax rate established by the EU Directive, are the reasons why LPG is the most promis-
ing and economic fuel alternative for the automotive sector’s decarbonization [ 28 ].   

 Nowadays, as shown in   Figure 10  , there are about 8.5 million registered vehicles 
(new and retrofit passengers’ cars) fueled with LPG in the EU and over 30,700 
Autogas filling stations [ 29 ]. This increment of about 16% in Autogas vehicles, com-
pared to the previous year, is due to the ongoing energy transition that has identified 

  Figure 8.
  Total carbon emissions for various fuels. Source: Alliance AutoGas.          
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  Figure 10.
  The total number of alternative fueled passengers’ cars in the EU. Source: Alternative Fuels Observatory [ 29 ]. 
Considered types of cars are: battery electric vehicles (BEVs); plug-in hybrid electric vehicles (PHEVs); vehicles 
fueled by hydrogen (H 2 ); liquefied petroleum gas (LPG); compressed natural gas (CNG); and liquefied natural 
gas (LNG).          

  Figure 9.
  Overview of the average pump price in a euro per liter (€/l) (value-added tax (VAT) and exercise duty 
included) in a selection of EU countries (2013). Source: Oil Bulletin, Directorate-General for Mobility and 
Transport (DG MOVE), European Commission.          
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the automotive sector as responsible for the almost 20% of Europe’s total greenhouse 
gas emissions (GHGs) [30].

Autogas market is well developed worldwide. LPG demand reached about 46.79 
million tonnes in 2023, although it is forecast to grow sensibly in the next future 
reaching 69.89 million tonnes by 2030 [31]. According to the countries where the 
consumption of Autogas is more significant, just five countries (Turkey, Russia, 
South Korea, Poland and Ukraine) together accounted for almost a half of the global 
Autogas consumption in 2021, as shown in Figure 11.

Figure 11 also shows a significant increment of Autogas consumption from 2010 
since, in that year, a re-categorization of LPG demand assigned before to the residen-
tial sector was produced.

Regarding the USA, Autogas has been used in transportation since 1912 thanks to 
the California Energy Commission, which encouraged Autogas vehicle conversions 
and refueling stations. After that, Autogas was declared an alternative fuel under 
the Energy Policy Act of 1992 [32]. Today in the USA, there are about 155,000 road 
vehicles powered by Autogas and about 2500 public filling stations with available fuel 
for use in vehicle distributed on all US territories (Figure 12).

Together with the LPG, opportunities for feeding the existing vehicles with 
BioLPG are also under evaluation in the USA. Renewable propane (BioLPG) obtained 
using renewable or bio-based feedstock is nowadays used as drop-in replacement fuel 
for conventional propane [34]. The LPG’s low price, the reduced maintenance cost 
and the minimum environmental impact, together with the low level of noise pollu-
tion, made Autogas engines attractive for urban transportation. In 2014, in the USA, it 
was estimated that more than 7000 busses for pupil transportation were reconverted 
to Autogas propane engines [35].

The spread out of federal and state regulations to stimulate Autogas applica-
tions has brought about the wide spread of vehicle conversions and the increase in 
the refueling stations, but the American Autogas market is still small when com-
pared to other automotive fossil fuel markets [36]. The chart in Figure 13 shows 

Figure 11. 
World Autogas consumption in 2000–2021. Source: World LPG Association (WLPGA)/Argus (2022); 
International Energy Agency (IEA) databases.
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the trend in the USA vehicle registration from 2016 up to 2020. Hydrogen fuel cell 
light-duty vehicles show the greatest growth, reaching the maximum peak in 2019, 
while the annual change in propane is more volatile as propane vehicles are mostly 
used for school bus fleets. Electric vehicle registrations had seen a steady growth 
until 2020, but they grew more than any other light-duty vehicle type between 
2021 and 2022 [37].

The US federal and state regulations and incentives have had a significant impact 
on the wide spread of LPG-driven vehicles, as evidenced in Figure 14. Tax credits, 
low-interest loan programmes and tax exemptions adopted by different States 
reduced the LPG cost of conversion and offered more incremental savings to end 

Figure 12. 
Propane filling stations’ location by the US state. Source: Alternative Fuels Data Center [33].

Figure 13. 
Change in US vehicle registration counts. Source: Alternative Fuels Data Center.
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users [38]. The introduction of lower fuel tax rates on LPG has resulted in a lower 
maintenance cost for LPG vehicles than petrol or diesel ones. Moreover, the intro-
duction of the National Energy Policy Act 1992 obliged US citizens to shift to more 
sustainable fleets fueled by alternative fuels (among them, LPG). In terms of safety, 
the design and construction of LPG tanks have been regulated by US government 
agencies and handling protocols have been approved for personnel training [39].

4.  Existing barriers and new developments in LPG and BioLPG as fuel for 
a sustainable future

The adoption of LPG and BioLPG as clean fuel alternatives in Europe and the USA 
faces several challenges and barriers that need to be addressed.

The growing global awareness and concern about global warming and greenhouse 
gas emissions have led governments worldwide to implement regulation and subsidies 
to start a sustainable transition towards alternative and green fuels and, among them, 
LPG and renewable LPG. Despite that, additional incentives should be established 
to increase the use of alternative fuels for vehicles and infrastructure. Governments 
should work closely with fuel providers and fleet managers to offer incentives able to 
make drivers switch to alternative fuels and increase LPG applications.

Autogas, as alternative fuel for light-duty vehicles in the EU, is facing relevant 
challenges related to current regulation, which bans the use of internal combustion 
engines after 2035. Germany weakened the law by introducing an exception for syn-
thetic e-fuels; Italy, Romania and Bulgaria decided to remain neutral and just Poland 
voted against that legislation. In this context, the European Commission is develop-
ing new legal rules for allowing just the sale of cars powered with e-fuels after 2035. 
Unfortunately, the role of Autogas in this scenario is not clear, as CO2 neutral fuels are 
not explicitly identified in the legislation [30].

Additional studies should be carried out to evaluate the emission rate of the 
existing vehicles fueled with LPG and, especially, BioLPG to demonstrate their low 
environmental impact and to make grow people’s awareness about the potential ben-
efits in quality of air when using LPG. There are studies ongoing with the purpose of 

Figure 14. 
Propane laws and incentives by state. Source: Alternative Fuels Data Center.
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evaluating the benefits of LPG and BioLPG fuels in terms of emissions of secondary 
organic aerosols (SOA). Moreover, investments in research and development should 
be done by manufacturers to improve the efficiency of LPG system and reinforce 
refueling LPG infrastructure for vehicles [34].

Forecast about LPG automotive sector expects a steady growth of the automo-
tive market in the coming years. However, the trend of LPG engine markets is still 
affected by the impact of inflation on LPG prices. In Europe, the current price policy 
undertaken by each Member State should be able to mitigate inflation effects on the 
LPG price, as it is still the driving factor for end users’ fuel choice [40].

Among the new developments, it is interesting to highlight the latest advancements 
in fuel cell production as eco-friendly power source that extracts hydrogen from LPG. 
Although hydrogen is commonly produced from natural gas, steam reforming is a 
technology that can be used to produce hydrogen from other fuels like propane [41].

Manufacturers are exploring new fuel cell technologies and new ways of produc-
ing hydrogen by using renewable energies or alternative fuels. Indeed, propane can 
be a valid alternative due to its low emissions when compared with other existing 
fuels [42]. Accordingly, different studies have demonstrated the possibility of 
producing high concentrations of hydrogen from LPG reforming. Actually, during 
the final state of propane cleavage of the steam reforming, the reaction of oxidative 
reforming of LPG resulted in a lower coke formation, a higher production of H2 with 
a yield value that can vary from 77.5% to 92.2%. On the other side, the most suitable 
conditions for the process required the use of an excess of water (H2O/LPG = 7.0) and 
intermediate temperatures (973 K) [43–46].

Among the studies focused on the use of propane in different fuel cells, the special 
suitability of propane for direct fuel cells (DPFCs) has been identified. The two 
main reasons for propane’s choice as an alternative fuel rely on the fact that infra-
structures for direct propane fuel cells are already available in rural areas as propane 
is still predominantly used there for heating. Moreover, in rural areas, the power 
price produced by DPFCs is still competitive compared to the one of grid-connected 
utilities. Furthermore, propane is available everywhere and it can count on a reliable 
and robust infrastructure, while hydrogen distribution infrastructure is not ready yet. 
Additionally, the lower cost of propane as fuel for hydrogen production can positively 
affect the cost of manufacturing hydrogen. Ultimately, hydrogen storage is very 
expensive while propane can be easily stored and transported [47, 48].

Regarding BioLPG, its use has been tested in automotive applications with positive 
results and it is widely supported by regulation worldwide. On the contrary, for power 
generation applications, it is still required to carry out the implementation of subsidiary 
policies able to incentivize and boost power generation from renewable propane. BioLPG 
is characterized for lower emissions than conventional diesel; it is practically neutral 
and it allows a reduction of 3 tonnes of CO2 for each tonne of BioLPG consumed. In this 
scenario, the framing of a supportive incentives regulation for LPG power applications 
can actively contribute to the energy transition and accelerate decarbonization [49].

5.  Conclusions

This chapter highlights the advantages of LPG as a sustainable alternative to 
carbon fossil fuels due, among other benefits, to the lower emissions of CO2 (15% 
less than coal and 30% less than oil) and other pollutants. This fact may help reach 
international commitments assumed by different countries for environmental 



Perspectives of a Sustainable Future Based on LPG and Renewable BioLPG as Fuel Suppliers…
DOI: http://dx.doi.org/10.5772/intechopen.1005164

211

Author details

Lina Montuori* and Manuel Alcázar-Ortega
Universitat Politècnica de València, Institute for Energy Engineering, Valencia, Spain

*Address all correspondence to: lmontuori@iie.upv.es

reasons, such as the target of reducing emissions of the European Commission by 
2050. Moreover, the so-called BioLPG (that is a renewable and sustainable form of 
LPG derived from organic waste and biomass sources) can help to reduce the carbon 
footprint up to 80%, considering the life cycle of the used materials.

Both LPG and BioLPG are mainly used for residential applications (mainly cook-
ing and space heating) and for mobility issues to fuel cars. The automotive LPG, also 
known as Autogas, presents several benefits such as large availability, safety, lower 
cost and lower emissions. In fact, Autogas-fueled vehicles emit over 20% less CO, 10% 
less CO2 and 40% less NOx than gasoline engines.

In spite of LPG’s benefits, there are still barriers that prevent the massive utiliza-
tion and further development of this fuel in terms of sustainability. Many of them are 
regulatory since the role of LPG in the framework of future clean energy supply has 
not been clearly stated, with a lack of regulation existing in that direction to promote 
the utilization of this fuel in the short term. In the automotive area, one of the most 
promising future applications of LPG is the obtaining of hydrogen to be used in com-
bustion engines or fuel cells. In summary: Properties of LPG and its variants (BioLPG 
and Autogas) make a good solution to accelerate decarbonization and contribute to 
the energy transition for a future cleaner and sustainable energy production.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 11

Recent Development in LPG 
Production, Transportation,  
and Distribution: Focus on Nigeria 
and African Sub-Regions
Edward Agbai and Edward Aigbedion

Abstract

The global transition towards sustainable and clean energy sources has spurred 
significant interest in utilizing Liquefied Petroleum Gas (LPG) as a versatile and 
environmentally friendly energy carrier. This chapter provides a comprehensive 
overview of recent development in the LPG production, transportation, and 
distribution in Nigeria and African sub-region. It aligns industry practices driving 
the adoption of LPG as a pivotal component in energy transition. A significant 
focus will be placed on technological innovations to enhance LPG production, 
storage, and distribution. Recent developments in LPG extraction methods, such 
as advanced refining techniques and the integrating of renewable sources in LPG 
production including biofuel, are discussed. Policy and regulatory frameworks that 
support the integration of LPG into national and global energy transition strategies 
like the Petroleum industry act in Nigeria and the decade of gas policy. The pres-
ent status of LPG production, its separation methods, environmental implication, 
challenges, and outlook.

Keywords: clean energy, energy transition, renewable energy, optimization, regulatory 
framework

1. Introduction

Liquefied Petroleum Gas called LPG is commonly known as propane or butane, 
has emerged as a versatile and clean-burning energy source with widespread applica-
tions in both industrial and domestic sectors. Nigeria, endowed with substantial oil 
and gas reserves, has been a major player in the global energy market. Historically, the 
country’s primary focus was on crude oil production, leading to underutilization of its 
vast natural gas resources, including LPG. LPG is gaining importance in Cameroon’s 
energy mix, but supply shortages pose challenges [1] investigated LPG consumption 
elasticities in Cameroon using annual data from 1994 to 2017. Results show that price, 
income, and urbanization are significant determinants of LPG consumption.
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These findings have implications for demand management and call for policymak-
ers to promote widespread use of LPG, particularly in the savannah zone, to reduce 
deforestation and biomass dependence. Similarly, Shupler et al. [2] carried out a study 
in Cameroon, Kenya, and Ghana found that supply-side factors and stove equipment 
were better predictors of household consumption of liquefied. However, in recent 
years, there has been a paradigm shift towards recognizing the economic and environ-
mental benefits of LPG. Nigeria Liquified Natural Gas Limited (NLNG) established 
on May 17, 1989, as a Limited Liability Company. The NLNG was set up to harness 
Nigeria’s vast natural gas resources and produce Liquefied Natural Gas (LNG) and 
Natural Gas Liquids (NGLs) for export. LPG also known as cooking gas in Nigeria is 
a very clean versatile and environmentally friendly fuel, an essential commodity for 
life and living, convenient, portable energy source that is easy to transport and store. 
It’s produced from petroleum refining of crude oil and extraction from natural gas 
with varying uses ranging from heating purposes, production of aerosol propellant, 
input to petrochemical industry and as a refrigerant [3, 4]. NLNG has committed to 
supplying 100% of its LPG production to the domestic market, despite challenges 
such as feed gas and market challenges. NLNG has supplied over 2.4 million metric 
tonnes of cooking gas into the domestic market in the last 15 years, spurring a steady 
rise in yearly consumption. The Federal Government of Nigeria’s policies since 2005 
have aided supply sustainability in the industry, opening up and broadening the 
LPG domestic market. The company has dedicated a certain quantity of LPG for the 
domestic market, generating over 250,000 jobs and creating a foundation for growth 
by over 1000% [5].

Despite the achievements in the last 15 years, there remains a high demand for 
cooking gas in Nigeria, outstripping supply, leading to sharp increases in the price 
of LPG. To mitigate this price surge, the NLNG said the LPG supply chain needs to 
be improved, with more producers increasing the quantity of LPG on the domestic 
market and encouraging private entrepreneurs to embark on natural gas processing. 
The company also called on the Central Bank of Nigeria to ensure the disbursement 
of loan facilities from a special gas fund (the National Gas Expansion Programme 
Framework) to competent investors in the LPG value chain. The President of the 
Nigerian Association of Liquefied Petroleum Gas Marketers (NALPGAM) stated that 
NLNG remained committed to meeting domestic demand and assured the association 
that it would continue producing LPG based on the feed gas received from its suppli-
ers. This chapter delves into the dynamic landscape of LPG within the context of the 
Nigerian petroleum industry and explores its pivotal role in meeting energy demands 
across the African continent.

2. Overview of LPG production

LPG is obtained through the process of natural gas processing and petroleum 
refining. The composition of this substance mostly comprises propane and butane, 
and it is typically stored and transported in a pressurized state in its liquid form 
[6]. LPG exhibits a notable degree of efficiency and possesses a substantial energy 
content, rendering it a highly suitable fuel for a wide range of businesses and house-
holds on a global scale. The process of producing LPG encompasses a series of distinct 
stages, which include separation, purification, and fractionation. LPG is a multifac-
eted energy resource that finds utility in diverse domains such as heating, culinary 
activities, and transportation [7]. The growing need for cleaner and more sustainable 
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energy sources has underscored the significance of LPG production in addressing 
these requirements and mitigating carbon emissions. LPG refers to a flammable 
hydrocarbon fuel that exists in a gaseous state at ambient conditions but may be easily 
liquefied under moderate pressure [8].

2.1 Economic benefits LPG production

An examination of the economic advantages and employment generation linked 
to the production of LPG demonstrates that the sector has the capacity to create a 
significant quantity of jobs directly and indirectly. Below are the following ways LPG 
plants, its production facilities, and its associated supply chain benefits the Nigerian 
economy.

2.1.1 Job creation

The establishment and operation of LPG production facilities create job oppor-
tunities at various levels, from skilled technicians and engineers to administrative 
and support staff. Additionally, the distribution and retail aspects of the LPG supply 
chain also generate employment. The Nigerian Liquefied Petroleum Gas Association 
(NLPGA) opined that with effective government policy, LPG market can generate 
over two million jobs [4]. Furthermore, the installation of LPG production facilities 
necessitates the involvement of proficient workforce in both the construction and 
operation phases, hence generating employment prospects for the nearby communi-
ties. Additionally, the expansion of the LPG sector has the potential to foster the 
establishment of complementary industries, including transportation and distribu-
tion, thereby augmenting employment opportunities [9, 10].

2.1.2 Revenue generation

LPG production contributes to government revenue through taxes, fees, and royal-
ties. The industry can be a significant source of income for the government, helping to 
fund public services and infrastructure development. With the accelerated LPG pen-
etration, the Nigerian government is targeting a 40% adoption rate (i.e. 13.8 m house-
holds) in 5 years by 2026, and 73% adoption in 10 years (33.3 m households) by 2031. 
The increase in adoption rate will generate revenue to the purse of government [11].

2.1.3 Diversification of the economy

Developing the LPG sector contributes to the diversification of the Nigerian 
economy. Reducing dependence on traditional sectors like oil and gas can make the 
economy more resilient to fluctuations in global commodity prices. LPG as the transi-
tion fuel provides alternative economic outlet.

2.1.4 Energy access and affordability

Increasing LPG production helps to improve access to clean and affordable energy. 
As more households and businesses switch to LPG, it reduces reliance on traditional 
and often more polluting fuels like firewood and charcoal. This transition can lead to 
cost savings for consumers, as well as health and environmental benefits. With the 
Cameroonian government encouraging 58% of its population to use LPG as a cooking 
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gas by 2030, up from 20% in 2014. It will provide access to energy for Cameroonian 
citizens through its National LPG Master Plan designed to scales up the LPG sector to 
meet this target [12].

2.1.5 Foreign exchange savings

Nigeria currently imports a significant portion of its energy needs. By promoting 
domestic LPG production, the country can reduce its dependence on imported fuels, 
leading to savings in foreign exchange.

2.1.6 Indirect economic impact

The use of LPG in various industries and households can result in indirect eco-
nomic benefits. For example, businesses that rely on affordable and reliable energy 
for manufacturing processes may experience increased productivity and competitive-
ness. The productivity will stimulate the growth of local economies and mitigates the 
prevalence of unemployment and augments income levels, thereby enhancing the 
overall quality of life for individuals and families.

2.1.7 Environmental benefits

While not directly economic, the environmental benefits of LPG production can 
have economic implications in the long term. LPG is a cleaner-burning fuel compared 
to traditional biomass fuels, leading to reduced deforestation, improved air quality, 
and health-related cost savings. Yeo et al. [13] after investigating the potential eco-
nomic and environmental benefit of LPG advocated the utilization of LPG by means 
of governmental policy measures and financial assistance that targets fishing vessels 
with the strong potential to convert to LPG usages. Such policies are grounded on the 
efficacy and competitiveness of LPG as a versatile fuel that mitigate air pollutants and 
limits water pollutants from burning as AGO as a such for fuel for marine activities.

2.1.8 Infrastructure development

The growth of the LPG industry can drive the development of necessary infra-
structure, including storage facilities, transportation networks, and distribution 
channels. This, in turn, can stimulate economic activity in related sectors. According 
to Witthohn [14] there were about 300 LPG distribution terminals (bottling plants) 
in the country with a total capacity of about 13,000 tonnes. To fully realize these 
economic benefits, the Nigerian government and stakeholders must invest in infra-
structure, and create an enabling environment for the growth of the LPG sector.

2.2 The environmental implications of LPG production

The world is currently experiencing a significant increase in global energy con-
sumption, coinciding with the urgent need to address the issue of climate change by 
decreasing carbon dioxide emissions. It is worth noting that a substantial portion of 
these emissions can be attributed to the utilization of fossil fuels [15]. The assess-
ment of sustainability for LPG production necessitates careful consideration of its 
environmental impact. The production of LPG is associated with fewer emissions of 
greenhouse gases in comparison to other forms of fossil fuels, leading to a decrease in 
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the overall carbon footprint [13, 16]. Moreover, the process of LPG burning results in 
reduced emissions of harmful substances like sulfur dioxide and particulate mat-
ter, hence contributing to enhanced air quality and a decrease in respiratory health 
complications [17]. The environmental advantages render LPG a feasible alternative 
for facilitating the shift towards a more ecologically friendly and enduring energy 
framework. This discourse pertains to the examination of the carbon footprint associ-
ated with the utilization of LPG in comparison to other fossil fuels. The examination 
of the carbon footprint of LPG in comparison to other fossil fuels indicates that LPG 
exhibits a much-reduced carbon footprint. In comparison to coal and oil, LPG dem-
onstrates a reduction of around 20% in carbon dioxide emissions per unit of energy 
generated [18].

The decrease in carbon dioxide (CO2) emissions plays a vital role in addressing cli-
mate change and achieving international targets for reducing emissions. Moreover, the 
effective combustion of LPG additionally mitigates the emission of other detrimental 
greenhouse gases, such as methane, rendering it a compelling substitute for a more 
environmentally friendly energy trajectory [19]. The exploration and advancement 
of renewable energy sources, such as solar and wind power, have furthermore played 
a role in mitigating carbon emissions. Despite this, these sustainable energy sources 
are less reliable because they do not always work. This makes them less useful for 
meeting the constant energy needs of both businesses and homes. On the other hand, 
LPG offers a dependable and conveniently obtainable energy resource that may be 
utilized for a multitude of purposes, encompassing but not limited to heating, culinary 
activities, and transportation. LPG is a promising option for facilitating the transition 
towards a more environmentally sustainable energy landscape, as it boasts a reduced 
carbon footprint and enhanced combustion efficiency. This alternative energy source 
holds potential for addressing our energy requirements while simultaneously mitigat-
ing the adverse impacts of traditional energy sources on the environment [20].

3. LPG price watch

Based on current statistics, there has been a consistent upward trend in the price 
of LPG, which can be attributed to the escalating need for environmentally friendly 
and sustainable energy alternatives. The demand for LPG in Nigeria has experienced 
steady growth, driven by increasing urbanization, population expansion, and a grow-
ing awareness of the benefits of clean cooking fuels. The domestic sector, particularly 
households and small businesses, has emerged as the primary consumer of LPG. 
Efforts to encourage LPG adoption through subsidies, awareness campaigns, and 
targeted government programs have played a crucial role in shifting consumer prefer-
ences towards this cleaner alternative to traditional biomass fuels.

Refilling a 5 kg LPG cylinder according to [21], cost ₦3594.81 an equivalent of 
$4.49 using the conversion rate of 800 Naira to 1US Dollars in December 2021, an 
84.37% increase from December 2020 which was ₦1949.75. Average monthly price 
rose 8.53% from ₦3312.42 in November 2021. The states of Benue, Cross River, 
and Borno had the highest average prices for refilling a 5 kg LPG cylinder, while 
the states of Adamawa, Yobe, and Bauchi had the lowest, with prices of ₦2398.40, 
₦2543.14, and ₦2586.43, respectively. As of December 2021, the average cost of 
 refilling a 12.5 kg LPG cylinder rose by 76.49% to ₦7332.04 from ₦4154.28 in 
December 2020. The average price rose 0.33% from ₦7308.06 in November 2021 
per month-on-month study. The highest average prices for refilling a 12.5 kg LPG 
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cylinder were in the states of Osun, Oyo, and Abuja the Federal Capital Territory 
with the sum of ₦ 8491.67, ₦8303.33, and ₦8058.00 respectively, while the states of 
Borno, Bayelsa, and Nasarawa had the lowest average prices of ₦5852.13, ₦6678.57, 
and ₦6679.57 respectively [22].

Many nations in Africa have acknowledged the advantages of LPG and have 
enacted legislation and provided incentives to promote its production and utiliza-
tion. Nevertheless, there are persistent issues that need to be addressed to guarantee a 
steady and dependable provision of LPG, particularly in less developed areas. There is 
a concerted endeavor to enhance the infrastructure for LPG and optimize the distri-
bution networks to effectively address the increasing worldwide demand.

4. Transportation of LPG in Nigeria and West Africa

LPG is very portable. There are several ways to transfer it, most commonly in 
liquid form, because its volume is lower than that of gas. Large tankers transport 
LPG overseas and large gas transporters typically provide this function. There are 
intermodal tank containers that can transport LPG, these stackable containers enable 
the transportation of LPG by ship, rail, or truck, eliminating the need to empty and 
reload. Tanker rail cars can transport vast quantities of LPG. Tanker rail cars fre-
quently deliver LPG from the well sites to the terminals. Transporting goods between 
the two terminals requires expertise. Transferring LPG from gas sources to storage 
terminals occasionally requires the use of designated pipelines. The prohibitive 
expense of building them prevents their extensive use. In some areas, LPG reticula-
tion is prevalent. LPG is distributed as reticulated gas through a network of pipes. 
The pipes are linked to a storage container located at a distance from the customer’s 
location, and several customers are supplied by a single storage container. Mode 
Investment and Development Services (MIDs) Gas Group manages the distribution 
systems for LPG in Nigeria and West Africa. Gas Africa, a company based in Nairobi, 
Kenya, provides the service of installing LPG reticulated piping systems in standalone 
buildings. This includes setting up centralized cylinder banks in residential apartment 
blocks and installing bulk LPG tanks in hotels. Implementing a pre-paid metering 
system for residential use [23, 24].

5. LPG distribution in Nigeria and African sub-region

LPG is a cleaner cooking fuel widely promoted in many countries. Interventions 
to promote LPG have varied outcomes, with some studies showing positive effects 
and others showing ineffectiveness. The Rural LPG Promotion Program (RLPGPP) 
in Ghana, launched in 2013, aimed to make LPG the primary cooking fuel for rural 
residents by providing free LPG cylinders, cookstoves, and accessories. However, the 
program’s effect remains to be measured despite being discontinued. Adjei-Mantey 
and Takeuchi [25] carried out a study to examines the factors influencing the adop-
tion of clean cooking fuels in Ghana, focusing on the supply-side determinants of 
LPG usage. The research found that distance to refill stations negatively affects LPG 
adoption and usage frequency, but multiple services at refill stations increase usage. 
Other key factors include policy interventions, behavioral and socio-economic 
characteristics of households. The findings have significant policy implications for 
developing countries facing infrastructure challenges.
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LPG is a crucial commodity in Nigeria, primarily produced by the NLNG. It can 
be transported in various ways, including ship, rail, tanker trucks, intermodal tanks, 
cylinder trucks, pipelines, and local gas reticulation systems. Distribution logistics 
in Nigeria are a major challenge, with inadequate facilities such as small low draft 
vessels, channel draft restrictions, and transportation infrastructure contributing 
to increased landing costs. The leading producer of LPG in Nigeria is the NLNG in 
its bonny plant. It is transported to Lagos, where operational storage facilities are 
located. The current distribution network in Nigeria has a single functional outlet in 
Lagos, with limited capacity in coastal cities like Port Harcourt and Calabar [26].

The optimization routine study by [27] was found to reduce trucking costs of 
LPG using specific distribution outlets, compared to the current trend of using only 
the Lagos distribution outlet. The model showed that distributing LPG from the 
proposed Port Harcourt channel to Kano and Sokoto is more cost-effective (24% 
reduction) than transporting it from Lagos. Distributing LPG from Calabar to 
Gombe and Maiduguri is more profitable (28% reduction) than from Lagos. The most 
cost-effective distribution outlets for LPG transportation to specific cities across the 
country are the proposed Calabar and Port Harcourt outlets. The LPG distribution 
network from the Lagos outlet remains strategic for distribution to cities closer to it.

Lasisi [28] carried out a study to examines the production and distribution of LPG 
in Nigeria, focusing on historical and predictive data from 1994 to 2020. the result 
of the study indicated that LPG consumption increased rapidly from 2016 upward, 
driven by infrastructural surplus, investment, and awareness initiatives. The results 
suggest a strong correlation between demand-supply bonds driven by market forces 
in urban and suburban cities, providing reliable parameters for sustainable strategic 
planning and policy development for economic recovery.

6. Challenges, outlook, and Nigerian decade of gas policy

6.1 Challenges

6.1.1 Infrastructure deficiency and limited domestic production

Inadequate LPG storage, transportation, and distribution infrastructure poses a 
significant challenge. A well-established distribution network is necessary to supply 
LPG to consumers efficiently. Also, Nigeria relies on imported LPG to augment the 
supply from NLNG, contributing to supply chain vulnerabilities and price fluctua-
tions. Increasing domestic production could enhance supply security [29].

6.1.2 Safety concerns

Safety issues related to the handling and use of LPG and its cylinders can deter 
consumers. On the production side of the value chain, the volatility of the gas por-
tends safety issues [30]. Proper safety measures, public awareness campaigns, and 
regulatory enforcement are necessary to address these concerns.

6.1.3 Pricing and subsidy issues and lack of regulatory framework

Fluctuations in global oil prices can impact the cost of LPG in Nigeria. Subsidy 
challenges and price variations may affect the affordability and accessibility of LPG 



Natural Gas in the 21st Century

224

for consumers. Inconsistent regulatory frameworks and enforcement can lead to sub-
optimal industry performance. A clear and robust regulatory environment is essential 
for the sustainable growth of the LPG sector [31].

6.2 Outlook

6.2.1 Infrastructure development and diversification of supply sources

Investing in infrastructure expansion, including storage facilities, pipelines, and 
distribution networks, is crucial. Developing a comprehensive and efficient infrastruc-
ture will facilitate the seamless distribution of LPG. Reducing dependency on imported 
LPG by encouraging domestic production and exploring alternative supply sources can 
enhance supply stability and reduce the impact of global price fluctuations [32].

6.2.2 Consumer education and awareness

Public awareness campaigns on the safety and benefits of using LPG can help 
overcome misconceptions and increase consumer acceptance. This includes educating 
consumers on the proper handling, storage, and usage of LPG.

6.2.3 Government incentives and international collaboration

Incentivizing and supporting investors and stakeholders in the LPG sector can 
stimulate growth. This may include tax incentives, subsidies, and other measures to 
encourage production, distribution, and retail investment. Also, international organi-
zations collaborating with other countries with successful LPG programs can provide 
valuable insights and support for Nigeria’s LPG industry development [33].

6.3 Nigeria’s decade of gas policy 2021

Nigeria has been actively pursuing policies related to the oil and gas sector, which 
includes natural gas. Historically, Nigeria has been a significant player in Africa’s oil 
and gas industry. With its vast natural gas reserves, the government has developed 
policies to optimally utilize these resources for economic growth and diversification.

In March 2021, former Nigerian President Muhammadu Buhari declared the 2020s 
as Nigeria’s ‘decade of gas.’ In doing so, Nigeria signaled a renewed focus on gas as 
the fuel of choice for powering industrial ambitions. In 2022, natural gas demand in 
Nigeria reached around 12.12 billion standard cubic meters, up from approximately 
10.11 billion standard cubic meters in 2021 [34]. In establishing its position as the 
tenth largest gas reserve country, the decade of gas policy is intended to reduce gas 
flaring. Gas flaring is a common practice where associated gas is burned off during oil 
extraction. The policies aim to reduce environmental impact and encourage the cap-
ture and utilization of associated gas. The policy also encourages gas infrastructure 
development in the transportation and distribution through pipelines, gas processing 
facilities, and liquefied natural gas (LNG) projects.

The decade of gas policy also aims to increase domestic gas utilization and open 
the sector for investment and collaboration by promoting the use of natural gas for 
power generation, industrial processes, and household consumption [35]. Attracting 
investment in the gas sector through collaboration with international partners for 
technology transfer and expertise as an added strategy.
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Another impact area of the decade of gas policy is robust framework and regula-
tory compliance. Establishing an improved regulatory framework was crucial for 
effectively implementing gas policies for licensing, pricing, and environmental stan-
dards. Implementing and enforcing clear policies and regulations can opportunities 
for private sector participation and investment while complying with safety standards 
and environmental regulations is essential.

For the decade of gas as it relates to LPG, integrating LPG into Nigeria’s national 
and global energy transition strategies requires robust policy and regulatory frame-
works like:

6.3.1 Financial incentives

Subsidies, tax incentives and investment guarantees were instrumental to the 
policy adoption of the LPG subsector. Subsidies will help promote the adoption of 
LPG and make it more competitive compared to other energy sources. The policy also 
offers guarantees or insurance mechanisms to attract investments in the LPG sector 
and mitigate risks for investors.

6.3.2 Consumer awareness and education

Public awareness campaigns and training programs will be vigorously pursued. 
The policy made provisor for public awareness campaigns to educate consumers about 
the benefits of LPG, safety measures, and its role in the energy transition. It will also 
implement training programs for practitioners, businesses, and consumers to enhance 
understanding and encourage the safe use of LPG.

6.3.3 Monitoring and evaluation

Regular assessments and data collection are encouraged. Implement a system for 
regular assessments of the effectiveness of LPG policies and regulations, with adjust-
ments made to achieve desired outcomes. Also, mechanisms were established for 
collecting and analyzing data on LPG usage, safety incidents, and market trends to 
inform policy decisions.

7. Conclusion

LPG is a promising alternative for addressing global energy security and reduc-
ing carbon dioxide emissions, particularly in rural regions where alternative energy 
options may be scarce. The production of LPG reduces greenhouse gas emissions by 
around 20% per unit of energy generated, making it a more environmentally friendly 
alternative to coal and oil. LPG also contributes to improved air quality and reduced 
respiratory health complications.

In Nigeria and African sub-region, LPG is transported through various means, 
including ship, rail, tanker trucks, intermodal tanks, cylinder trucks, pipelines, and 
local gas reticulation systems. However, distribution logistics in Nigeria are chal-
lenging due to inadequate facilities, channel draft restrictions, and transportation 
infrastructure. There is a concerted effort to enhance the infrastructure for LPG to 
optimize distribution and transportation of LPG, the most cost-effective distribution 
outlets for LPG transportation are the proposed across African sub-region. Despite 
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significant progress, challenges persist, including infrastructure constraints, pric-
ing fluctuations, and the need for continued regulatory refinement. Environmental 
considerations and the push for sustainable energy solutions will shape the trajectory 
of the LPG sector in Nigeria. And African sub-region.
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Chapter 12

The Impact of BioLPG’s on Carbon 
Footprint: A Context of European 
Countries
Amir Sepehri and Mohammad Kamal Ghassem Alaskari

Abstract

There is an urgent requirement for transition to better sustainable bioeconomy 
techniques due to global worries about the depletion of the fossil fuel supply in the 
world. Alternative fuels have gained interest as the world strives to create sustainable 
energy sources and reduce greenhouse gas emissions. BioLPG, a renewable shape of 
Condensed Petroleum Gas [LPG], has emerged as an attractive option in response 
to energy demands and environmental concerns. Using biomass feedstocks, such as 
agricultural residues, forestry waste, and waste cooking oil, bioLPG is a carbon-neu-
tral alternative to traditional LPG. Compared with conventional LPG, bioLPG offers 
several benefits, including reduced net greenhouse gas emissions and lower carbon 
intensity. Moreover, bioLPG production can utilize multiple biomass feedstocks and 
maximize waste value. This chapter assesses the current state of research on bioLPG, 
identifies critical challenges and issues, and presents potential solutions for the broad 
adoption of bioLPG. BioLPG’s footprint varies and depends on the feedstock and 
situation in the European bases. However, it is often eligible for government support 
through financial credits and meets biofuel requirements by EU countries under the 
Renewable Energy Directive.

Keywords: carbon footprint, greenhouse gas emissions, renewable, bioLPG, carbon 
intensity, biomass feedstocks

1. Introduction

There is an urgent requirement to transition to better sustainable bioeconomy 
techniques due to global worries about depleting fossil fuel supply [1, 2]. The world-
wide hunt for alternative fuels is expanding due to concerns about climate change and 
a desire to lessen reliance on fossil fuels. It is also possible for liquefied petroleum gas 
[LPG], a fuel combination mostly made up of Propane and butane in different ratios 
[3], to become a partly renewable fuel if it is made from feedstocks such as vegetable 
oils, biomass, and oily wastes. Proponents of decarbonization and the LPG sector are 
keen to increase the amount of BioLPG produced. The hydro treatment of vegetable 
oils (HVO) pathway, which involves hydrogenating the triglycerides contained in that 
raw vegetable material, is a technologically proven method for this to happen sustain-
ably [4]. The method yields Propane [bioLPG] as a byproduct and HVO biodiesel 
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(commonly known as “green” diesel as the primary product when carried out under 
carefully regulated temperature and pressure conditions [5]. From this angle, bioLPG 
appears to be a promising drop-in fuel—that is when replacing fossil LPG, it does not 
require any modifications to the infrastructure or equipment that will be used [6], 
and it also has fewer adverse environmental effects related to energy generation [7].

Research on the potential function of bioLPG in decarbonizing transportation 
still needs to be done. It has been proved that LPG may be used in a proton-exchange 
membrane fuel cell to provide supplementary power for transportation. Net-zero 
carbon transition options that economically sustainably decarbonize current energy 
routes provide significant advantages when meeting the growing and pressing 
demands of mitigating climate change worldwide. As the world moves toward a 
circular economy, producing bioLPG from renewable resources would be a profitable 
way to deliver climate-friendly fuel to LPG distributing and user ecosystems, which 
are currently present in almost every nation and can grow [8]. In the current global 
effort to develop renewable energy sources and lower greenhouse gas emissions, 
alternative fuels are becoming more and more attractive. BioLPG, a renewable version 
of liquefied petroleum gas, has become a desirable alternative in response to environ-
mental concerns and energy needs. It is crucial to ascertain the effects of the fuel of 
interest on the environment, particularly about carbon footprint. This chapter aims 
to determine how bio LPG affects carbon footprint. It evaluates the status of bioLPG 
research as it is now, highlights essential problems and obstacles, and offers possible 
solutions to promote the widespread use of bioLPG.

2. Production of BioLPG

Using commercial procedures employing HydroDeoxygenation (HD) reactors, 
including Universal Oil Products (UOP’s) Eco-fining technique and Neste Renewable 
Diesel Process (NRDP), a range of (lower-molecular weight) (LMW) biofuels, 
comprising bioLPG, are being created from vegetable oil and animal fats [9]. With 
a biodiesel:bioLPG output ratio of around 9–10:1 in weight, bioLPG is often recov-
ered as byproducts from the manufacture of hydrotreated vegetable oil (HVO) or 
Hydrotreated Esters and Fatty Acids (HEFA) biodiesel [10]. Triglycerides are found 
in common fats and oils [11]. A three-carbon backbone is joined via ester linkages to 
three long-chain hydrocarbons. By adding hydrogen to the ester to change its oxygen 
to water, the HVO process disrupts these bonds. It splits one triglyceride molecule 
into three long-chain hydrocarbon molecules, each with an average of 16–18 carbons, 
and one propane molecule [C3H8]. The hydrogenation of natural fats and oils into 
biodiesel and bioLPG in the HVO process is shown in the equation below [12].

 + → + + + +57 104 6 2 17 36 18 38 2 2 3 8C H O 12H C H 2C H 4H O C HCO   (1)

The Eco-fining process for the co-production of green diesel and bioLPG from the 
hydrogenation of vegetable oil is shown in Figure 1. The vegetable oil is hydrogenated 
in the reactor, and the resulting products are separated into water and carbon dioxide 
through HydroDeoxygenation (HD) and DeCarboxylation (DC), respectively. The 
hydrocarbons are then fractionated by distillation to obtain the bioLPG, Naphtha, 
and diesel [13].



233

The Impact of BioLPG’s on Carbon Footprint: A Context of European Countries
DOI: http://dx.doi.org/10.5772/intechopen.1004239

Through the HVO procedure, hydrogen reacts with a triglyceride vegetal (or 
animal) oil to produce sustainable diesel, an aliphatic hydrocarbon having 16 to 18 
carbons. Other reaction products include carbon dioxide, water, and a combination 
of smaller hydrocarbons, namely Propane. Within the HVO procedure, processes 
such as decarboxylation (DCO) and hydrodeoxygenation (HDO) take place. One 
reaction may be preferred by modifying the catalyst and process parameters, albeit a 
combination of the two will always occur. Preferring DCO or HDO significantly alters 
the outputs’ makeup. According to [14], the theoretical results for the input of brown 
grease include 15.5% weight% CO2 for DCO and 12.7% weight% H2O hydrodeoxy-
genation (HD). The hydrogen ions will remain unsaturated regardless of the chosen 
option since hydrogen is needed for the saturation of the olefin carbon linkages.

3. Impact of bioLPG on carbon footprint

After analyzing the carbon emissions of BioLPG at the points of production and 
consumption, the influence on carbon footprint may be determined. Its emissions 
during consumption are similar to that of fossil LPG; it is chemically comparable to 
fuel and could be safe for human health [8]. Islam et al. [15] report that the high-
est carbon emissions in combustion are discovered at Φ = 2.32 for the steady-state 
scenario of BioLPG consumption within a high-pressure liquid rocket powering 
system. At Φ = 1.50, the maximal specific impulse is 327.92. Fortunately, lean mixture 
utilization is preferred for clean fuel combustion and a lower carbon impact. With 
Φ = 1.50, the carbon release is 41%, a much higher value for this process. Conversely, 
the CO emission from the lean blend at Φ = 0.80 at the nozzle exit is relatively low, at 
14.7%. Having 310.96 for Φ = 0.80, developing power is 57.73 MW, comparable to that 
found for Φ = 1.50. The optimal combustibility of BioLPG in Φ = 0.80 is suitable for 
environmentally friendly clean burring.

Processing bioLPG has an adverse environmental impact but to a lesser extent than 
that of its non-renewable competitors. Therefore, methodically examining the fuel’s 
environmental performance, identifying any possible effects, and suggesting reme-
dies for its reduction or eradication is an effective strategy for handling this issue [16]. 

Figure 1. 
The complete process of the bioLPG component.
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Because of its systematic and quantitative qualities, The life-cycle assessment (LCA) 
approach can definitively conduct such an evaluation [17].

LCA research on biofuels generated by the HVO approach has been documented 
in the literature for the last 15 years; however, they are rare [18]. A screening life cycle 
assessment (LCA) was used to assess the environmental effects of diesel produced 
by hydrotreating Jatropha oil versus diesel produced using traditional technology 
that consumes crude oil. Various processing conditions for agricultural produce, 
soil types, and byproduct utilization are considered when assessing the alternate 
route. In terms of usage of resources, global warming, and summertime smog, the 
HVO process for Jatropha fared better than petroleum diesel. However, it did worse 
in terms of acidification and eutrophication. According to [18], greenhouse gas 
(GHG) dynamics depend on biomass and carbon stocks as vegetation cover changes. 
GHG emissions are also influenced by modifications in soil transformation brought 
about by the establishment of jatropha crops. Researchers have also emphasized how 
farming on low-carbon soils has a tremendous potential to mitigate global warming. 
[19] conducted a comparable, however more comprehensive, study in which they 
contrasted the production of renewable diesel derived from palm oil, rapeseed, and 
Jatropha to that of fossil fuel. Their findings support the findings of [18] since, for 
every feedstock they looked at, the “green” energy had a much lower global warming 
potential (GWP). [20] carried out an LCA assessment of HVO biodiesel produced 
in an oil refinery’s hydrotreatment unit by co-processing soy oil with traditional 
fossil fuel. In such a scenario, the predicted environmental advantages of the mix 
encompass a primary energy demand (PED) decrease of as much as 2.0% and a GWP 
decline of 9.0% when compared to the energy purely fossil, even with the assumption 
of 13% v/v renewable blend.

According to the publications mentioned above, life cycle studies on the HVO 
approach concentrate on producing “green diesel,” with bioLPG as a byproduct 
of this process. On the other hand, used the opposite approach and calculated the 
environmental impact of biopropane HVO made from plant-based inputs (palm oil, 
rapeseed, palm fatty acid distillate (PFAD), and soy oil) as well as one animal source 
(tallow, used cooking oil: UCO). The life cycle assessment (LCA) was conducted 
using a “cradle-to-gate” perspective, considering 1.0 MJ of energy related to the 
bioLPG Functional Unit. However, they are restricted to the impact of global warm-
ing. The consequences ranged from 5.2 g CO2/MJ—for Used Cooking oil and taking 
into account energy allotment at the HVO unit—to 102 g CO2/MJ—for rapeseed 
oil, including indirect land utilization changes as well as energy allocation [12]. The 
author concluded that this spectrum of effects resulted from the kind of input the 
HVO technology uses and how this input influences the operating environment.

They found [12] that when the model is run using palm oil substrate to make 
Renewable energy, the output is 40 g CO2/MJ. Its main components are methane from 
the decomposition of palm oil mill effluents (POME), carbon emissions from gas-inten-
sive activities that produce hydrogen and nitrogenous fertilizer, and carbon emissions 
from palm oil plantation activities (mostly from logistic vehicle emissions). The span of 
“official” estimations for this finding is 39 to 50 g CO2/MJ. Outside of the stated range, 
there are other approximations. According to research by Eco-invent, for example, the 
footprint of palm oil alone is estimated to be 42 g CO2/MJ. This likely results in a renew-
able diesel footprint of more than 50 g CO2/MJ when HVO emissions are accounted for 
by [12]. In Ref. [21] estimated that palm oil footprint is 241 g CO2/MJ. This seems signifi-
cantly more comprehensive than a footprint computed using traditional techniques and 
likely contains a significant indirect land use change (Ilic) component [22].
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The HVO biopropane footprint is determined in [12], applying economic alloca-
tion and the calibrated footprint method, resulting in to16 g CO2/MJ. This represents 
the first accurate, publicly available footprint assessment for HVO biopropane 
[23]. Research conducted in 2014 estimates CO2/MJ to be between 10 and 50 g; 
however, it did not provide a base scenario [24]. The HVO bio LPG footprint varies 
significantly under different estimated conditions. The bioLPG footprint increases 
by about 16 g, and the biodiesel footprint falls somewhat when the allocation is 
changed from economics to energy. Additionally, this alters the oil mill’s footprint. 
By including methane collection, the footprint is sunk by over 7 g. Then, there is 
the issue of indirect land use change (ILUC). An (ILUC) magnitude of 55 CO2/
MJ is suggested for “oil crops” in Annexes V and VIII of the December 17, 2012 
Modification to the EU Renewable Energies Act and the Fuel Quality Act. Many 
questions still need to be answered about whether (ILUC) should be incorporated 
and its criteria. They reported that the range of presently suggested parameters for 
palm oil is 44–231 CO2/MJ.

Does crude HVO bio LPG footprint fall within the residual category? This makes 
sense since glycerine from manufacturing Fatty Acid Methyl Esters (FAME) biodiesel 
is categorized as a residue within Research, Evaluation, and Development RED. It is 
produced in a manner comparable to HVO propane, meaning it is an inevitable result 
of the synthesis of biodiesel [25]. Nevertheless, the UK Government has decided that 
HVO bioLPG is a co-product and not a residue, expressly rejecting this designation 
[26]. The HVO bio LPG footprint could be around 8 CO2/MJ if crude HVO propane 
is considered a residue [12]. Additionally, there is the possibility that palm oil may be 
categorized as a residue or trash.

The footprint for the palm fatty acid distillate (PFAD) feedstock economic-alloca-
tion example is 15 g CO2/MJ, with the majority of its elements being the same as those 
for HVO biodiesel, naturally. Depending on the circumstance, its footprint varies 
between 5 g and 80 g CO2/MJ. The economic allocation for tallow yields a footprint 
of 17 g CO2/MJ. Its main components are the HVO process and the relatively energy-
intensive tallow manufacturing [27]. Tallow significantly reduces the footprint if 
it is considered a residue. It decreases to 5 g CO2/MJ with economic provisioning, 
while the footprint increases to 11 g under energy allotment. Rapeseed oil, a popular 
frying oil in Europe, is presumed by utilized cooking oil to have been the oil that was 
used in the fryer. According to reference [12], the utilized cooking oil footprint in 
the economic-allotment scenario is 9 g CO2/MJ. Its main components are producing 
hydrogen, rapeseed, nitrogenous fertilizer, and steam (from the oil mills and HVO 
reactor). The footprint decreases to 5 g over economic allotment and 11 g over energy 
allotment if utilized cooking oil is categorized as a residue. Under the economic-allot-
ment scenario, the footprint of rapeseed oil is 19 g CO2/MJ. Its main components are 
the HVO process, the manufacturing of nitrogen fertilizer, and rapeseed. If energy 
is allocated instead of economic significance, the footprint increases to 47 g CO2/MJ. 
Should an iLUC component be used in addition, the footprint increases to 102 g. In 
the economic scenario, the footprint of soybean oil is 17 g CO2/MJ. Its main compo-
nents include soybean cropping, hydrogen generation, and the HVO mechanism. If 
energy is allocated instead of economic benefit, the footprint increases to 40 g CO2/
MJ. If an iLUC component is put on top of it, the footprint increases to 95 g CO2/MJ.

This technique considered the environmental impact of bioLPG on carbon 
footprint varies substantially based on the feedstock and circumstances. However, it 
is frequently qualified for government support through financial credits and man-
dates for biofuels issued by EU members in compliance with the Renewable Energy 
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Directive [28]. According to the footprint calculation, there are documented instances 
of this footprint fluctuation, including research on forklifts [29] and products made 
from forest products [30]. Among the footprint users who should be aware of this 
potential volatility are regulators, suppliers, and consumers.

4. BioLPG projects and benefits in Europe context

Currently manufacturing bioLPG in Europe are the following companies: Repsol 
(Spain), Neste (the Netherlands), Global Bioenergies (France), Eni (Italy), and 
Global Bioenergies (France). According to estimates, the annual consumption of 
branded bio LPG—a product clearly labeled as such and accessible on the market—
was around 100 kilotonnes in 2018. Today, the remaining 100 kilotonnes of bioLPG 
generated annually are used internally as process fuel5. BioLPG is present in modest 
but constantly increasing amounts. BioLPG is accessible in various European markets, 
including the Netherlands, Germany, Sweden, Denmark, France, Ireland, the United 
Kingdom, and Belgium.

Renewable liquid gas provides a long-term, affordable option to cut carbon emis-
sions and air pollutants from difficult-to-decarbonize industries like transportation 
and rural heating. It is backed by regulations that encourage R&D efforts and innova-
tive production methods. Among the cleanest fuels on the market is LPG, especially 
compared to traditional, high-carbon fuels like coal, heating oil, diesel, and gasoline. 
CO2 outflows can be reduced by up to 55% while utilizing LPG and by as much as 
83% after adopting bioLPG and replacing an oil boiler with an LPG boiler [31]. In 
addition, compared to other energy sources, LPG-derived renewable resources offer 
a substantial potential to lower air pollution. Ordinary warming frameworks, such 
as gas boilers and combined heat and power (CHP) units, may also smoothly employ 
LPG. Due to its compatibility with current heating systems, businesses may see a 
reduction in investment costs and a smoother transition from fossil fuels with more 
significant carbon emissions to LPG and bioLPG, equal to renewable energy. Modern, 
cutting-edge heating systems, including hybrid and gas-driven heat pumps, may be 
powered by LPG in commercial and industrial settings. LPG boilers produce 80–99% 
less PM and 50–75% less nitrogen oxide (NOx) than solid or liquid fuels (such as 
biomass, peat, heating oil, and coal).

5. Challenges and issues of bioLPG Europe context

The complexity of biomass and the problems associated with growing, harvesting, 
and transferring less dense feedstock to centralized bioreactors make n complex [32]. 
Apart from the logistical obstacle, more processing phases are still involved in trans-
forming biomass into liquid fuel for transportation, such as hydrolysis, microbial 
fermentation, fuel separation, and pretreatment [33]. It can take longer than antici-
pated for lignocellulosic biofuels to reach the market due to these difficulties and a 
lack of government initiatives to generate demand for them. The synthesis of biofuels 
using feeds of lignocellulosic background, especially from algal biomass, presents 
more challenges regarding catalyst choice and hydrogen utilization [34].

Understanding the implications of the shift for their current business model and 
commercial, industrial, and agricultural enterprises is a problem as Europe moves 
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toward a climate-neutral economy. Quick changes to the law may impact the demand 
for their goods and services, adding value to the switch to longer-term, lower-emis-
sion fuels for Europe’s energy mix [35]. The lack of government initiatives to gener-
ate demand for bioLPG is also a significant concern. Different regulations apply to 
BioLPG in various EU members, leaving investors uncertain and making cross-border 
trademarks difficult. Differences in excise duties and carbon pricing mechanisms 
prevailing from country to country make BioLPG less competitive than fossil fuels. 
Furthermore, frequent changes in regulations and support schemes discourage long-
term investment into BioLPG production infrastructure.

6. Result and conclusion

This chapter of the book titled “The Impact of BioLPGs on Carbon Footprint in a 
Context of European Countries” presents a comprehensive overview of the potential 
impact of BioLPGs on carbon footprint. We contend that there is an urgent require-
ment to transition to better sustainable bioeconomy techniques due to global worries 
about depleting the fossil fuel supply and the need for alternative fuels that generate 
fewer greenhouse gas emissions. The chapter highlights the potential of BioLPG as 
a renewable version of LPG made from biomass feedstocks such as rural buildups, 
ranger service waste, and waste cooking oil. BioLPG is a carbon-neutral alternative 
to traditional LPG and offers several benefits, including reduced net greenhouse gas 
emissions and lower carbon intensity.

The chapter evaluates the current state of research on BioLPG. It identifies critical 
challenges and issues, including the need for more research on the potential function 
of BioLPG in decarbonizing transportation. The authors also present potential solu-
tions for broadly adopting BioLPG, such as utilizing multiple biomass feedstocks and 
maximizing waste value.

This chapter discusses the production process of BioLPG using commercial proce-
dures employing hydrodeoxygenation (HDO) reactors, including the hydro treatment 
of vegetable oils (HVO) pathway, which involves hydrogenating the triglycerides 
contained in the raw vegetable material and yielding Propane [bioLPG] as a byprod-
uct. We should mention that BioLPG’s footprint varies and depends on the feedstock 
and situation cited in the European states.

In conclusion, the chapter presents BioLPG as a promising alternative to tradi-
tional LPG with several benefits, including reduced net greenhouse gas emissions 
and lower carbon intensity. We should mention that BioLPG is often eligible for 
government support through financial credits and meets biofuel requirements by 
EU countries under the Renewable Energy Directive. In general, the chapter gives a 
comprehensive outline of the potential impact of BioLPG on carbon footprint and 
highlights the need for sustainable bioeconomy techniques. We are adding value to 
the switch to longer-term, lower-emission fuels for Europe’s energy mix. The lack of 
government initiatives to generate demand for bioLPG is also a significant concern. 
Different regulations apply to BioLPG in various EU members, leaving investors 
uncertain and making cross-border trademarks difficult. Differences in excise duties 
and carbon pricing mechanisms prevailing from country to country make BioLPG 
less competitive than fossil fuels. Furthermore, frequent changes in regulations 
and support schemes discourage long-term investment into BioLPG production 
infrastructure.
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