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Abstract

Oil and gas industry plays a central role in Saudi Arabian economy. However, in face of increasing
threat of catastrophic climate change, this industry needs to adapt sustainable practices and at the
same time improve its efficiency. This paper presents a conceptual framework integrating internet of
things (IoT) and life cycle assessment that can help to meet to enhance sustainability of oil and gas
industry while improving operational efficiency. IoT enables real-time data collection, monitoring
and analysis across upstream, midstream, and downstream activities of oil and gas industry. LCA,
on the other hand, helps to quantify potential impacts across the complete life cycle phases including
exploration, extraction, transportation, and processing. Combining IoT and LCA can lead to a more
accurate, real-time, and data-driven sustainability reporting and environmental decision making. The
framework presented in this paper combines a four layered IoT architecture with five stages of LCA
and lists key integration points and technological enablers. This framework can provide guidance for
both LCA practitioners and sustainability managers to align sustainability targets and operational
efficiency throughout the complete oil and gas value chain. The paper concludes by presenting
implementation challenges and future work required for operationalizing this framework.

Keywords: life cycle assessment; oil and gas industry; IoT; sustainability

1. Introduction

The oil and gas sector in Saudi Arabia is the backbone of the economy. It is the most significant
source of exports, national revenues, and economic growth [1]. Saudi Arabia possesses about 20% of
the world's proven oil reserves [2]. Broadly speaking, the oil and gas industry value chain is divided
into three main sectors: upstream, midstream, and downstream [3]. As illustrated in Figure 1, these
segments represent various stages of oil and gas exploration, storage, transportation, and end-use.
The upstream sector involves all the activities required for the search and extraction of crude oil. The
midstream sector links the upstream and downstream sectors by providing facilities for the
transportation, storage, and marketing of crude oil. Pipelines, tank farms, and transportation vehicles
are part of the midstream infrastructure. Downstream activities are related to refining, chemicals, and
retail. All of these activities are fundamental to the operation of oil and gas industry in Saudi Arabia.
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Figure 1. Oil and gas industry value chain.

Even though oil and gas industry in Saudi Arabia is the main driver of economic activity, it poses
several environmental challenges that influence local ecosystems, public health, and climate change
[4]. These environmental impacts arise from all the activities from exploration to refining [5]. One of
the main concerns is the release of carbon dioxide through combustion of fossil fuels which still
constitutes a major source of electricity in Saudi Arabia. Overall the carbon foot print of the country
is much higher than the global average [6]. Methane emissions that result from leaks during drilling,
storage, and transportation also contribute toward global warming [7]. Methane is much more potent
than carbon dioxide in this regard. Another issue related to oil and gas industry is flaring of excess
gas which contributes to air pollution and greenhouse gas emissions [8]. Oil and gas exploration and
refining also leads to land degradation and habitat destruction. Furthermore, harmful chemicals used
in industry can seep into groundwater. Mitigating these impacts is essentially required in order to
improve the sustainability of this sector. Adoption of both LCA and IoT practices can play a pivotal
role in this regard.

LCA is one of the most commonly used methodologies to quantify environmental impacts of
products, processes, and systems. It examines environmental inputs and outputs, including energy
consumption, emissions to air, water, and land, and waste generation [9-11]. For over the last thirty
years, it has been extensively used in various industries to evaluate the sustainability of processes
and systems and its use has been growing rapidly [12,13]. The method is regulated by the ISO 14000
series of standards [14]. LCA takes into account all stages of a product life cycle, including raw
material extraction, transportation, processing, use, and recycling (Figure 2). It then helps to identify
environmental hot spots — the stages that create the most damage to the environment in the life cycle.
Identifying these hot spots is important to implement targeted actions to reduce the overall
environmental impacts.

OIL &
GAS LIFE
CYCLE
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Figure 2. Life cycle stages in oil and gas industry.

According to ISO standard [14] there are four steps in any given LCA study (Figure 3). Overall
the process starts with developing the scope of a given study and the process ends with interpretation
of results for improving sustainability. First of all, a clear goal and scope of the study is established
and system boundaries are defined. These system boundaries are then used to collect inventory
related to material, energy, and emissions for a given process. After that various environmental
impacts like global warming potential, ozone depletion potential, etc. are calculated using life cycle
impact assessment methods like Recepie. Finally, the results of the study are analyzed to propose

recommendations for reducing the environmental burden of the process.

CON INVENTORY
SOl ANALYSIS
DEFINITION

IMPACT
ASSESSMENT
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Figure 3. LCA framework per ISO 14000 standard.

LCA offers many benefits related to sustainability goals in various industries. It can help in
selecting environmentally friendly technologies, in optimizing water and energy use, and in reducing
carbon emissions by redesigning processes. LCA provides a whole-system perspective for
sustainability assessment, and by doing so, it prevents the burden-shifting problem where reducing
the environmental impacts in one stage of the life cycle leads to increased impact in another stage.
Replacing a metal component with a plastic alternative, for instance, can reduce emissions during
transportation, but it can increase environmental damage during the disposal phase. LCA is very
helpful in identifying such trade-offs. LCA also provides transparency across the whole value chain.
It can also play a vital role in improving circularity by identifying waste management practices for
industrial wastes and used equipment. Overall, LCA can enable oil and gas companies to make data-
driven decisions to reduce carbon footprint and at the same time improve the efficiency of their
operations. Despite its many advantages, LCA has several challenges, especially related to data
collection and data quality [15]. Collecting accurate and comprehensive data for the complete life
cycle is often very time-consuming and expensive. Furthermore, the results of LCA studies are
dependent on system boundaries and assumptions of the study. For this reason, making comparisons
of various LCA studies is very difficult. Nevertheless, current research along with technological
advancement in data collection is helping to tackle these shortcomings. LCA researchers have
investigated combining various digital technologies into LCA studies [16-18]. In this regard, Internet
of Thing (IoT) can play a vital role as discussed next.

IoT is one of the technologies that is revolutionizing various sectors of the economy. It is defined
as a collection of interconnected devices that collect, transmit, and analyze data [19-22]. It denotes an
increasingly complex network of physical objects with embedded sensors that exchange data over
various networks. IoT represents an ecosystem where physical objects can communicate, analyze
information, and make decisions. 10T is transforming several sectors of economy and various
industries [23-25] and plays a central role in Industry 4.0 and related digital transformation. An IoT
architecture contains multiple layers and typically a four layered architecture (Figure 4) consisting of
perception, network, processing, and application layers is used to represent IoT applications in
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industry. Other IoT architectures can have more layers as required by the application. The perception
layer is the physical layer where IoT devices and sensors collect data from the environment, such as
temperature, pressure, humidity, etc. Devices usually included in the perception layer are cameras,
sensors, RFID tags, and other embedded sensors. Data gathered from the perception layer is
transferred over the network layer to cloud or edge servers for processing. Various types of
communication technologies are used depending upon the IoT ecosystem. Wi-Fi, Bluetooth, and
satellite communications are some of the technologies that IoT uses to transfer data to the processing
layer. The processing layer, which consists of cloud computing platforms and edge computers,
analyzes the large volumes of data collected by the perception layer. The application layer provides
information to the end-users through mobile apps or specially designed dashboards. Together, all
these layers form the backbone of IoT and provide a holistic system.

IoT has emerged as a very important tool to enhance the efficiency, sustainability, and safety in
the oil and gas industry [26]. IoT helps in several complex tasks like asset monitoring, preventive
maintenance, and environmental safety. IoT sensors can monitor oil and gas operations in real time.
For example, sensors on drilling rig and pipelines can collect real time data on pressure, temperature
and other key parameters. This data is then transferred over the network layers to processing layer
where advanced analytics help to reduce downtime and address maintenance issues proactively [27].
IoT also plays a major role in enhance the safety of oil and gas operations. Wearable IoT devices can
detect gas leaks and other health hazards and provide immediate alerts. [oT sensors also can monitor
offshore oil rigs and oil pipelines and limits the need of manual inspection in hazardous locations.
IoT sensors can also monitor pollutant levels for supporting environment compliance. As the oil and
gas sector adopts digital transformation, IoT will play a critical role in improving efficiency, safety
and sustainability.
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Figure 4. A typical four layered IoT architecture.

Both IoT and LCA offer enormous benefits to enhance the operational efficiency and
sustainability. For these reasons, researchers have started to explore integrating these concepts to
enhance the studies exploring the integration of these concepts[17,28]. For instance, one study has
explored the integration of LCA and IoT within the context of wind farms [29]. This study has shown
how LCA studies can benefit from real-time data collection from wind farm operations. Overall,
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integration of IoT and LCA offers a powerful way to enhance the sustainability of the oil and gas
sector. However, their integration in the context of the Saudi Arabian oil and gas industry is still
unexplored. This study tries to fill this gap by providing a conceptual framework that links IoT and
LCA within the context of oil and gas industry. The rest of the paper is divided as follows. The next
section describes the methodology adopted to develop the framework. After that, the framework is
presented and its important concepts are explained. In the discussion section, advantages, limitations,
and practical hurdles in adopting this framework are highlighted. There is a brief conclusion.

2. Materials and Methods

Both conceptual and theoretical frameworks are extensively used in research. Conceptual
frameworks are often preliminary and exploratory in nature, and they help researchers to identify
key constructs and their relationships to each other [30]. Conceptual frameworks are qualitative in
nature and require literature review and abstraction to find key relationships and constructs that
define the framework [31]. Theoretical frameworks, on the other hand, are more structured and
grounded in established theories given in the literature [30]. These frameworks are helpful in
predicting the outcomes based upon prior knowledge. In general, conceptual frameworks are more
flexible and adaptable as compared to theoretical frameworks. Conceptual frameworks provide
several benefits in exploring research topics. They provide a systematic approach to integrate and
develop relationships between key constructs and variables in a given study. This, in turn, helps to
synthesize insights from various sources and disciplines and provide a comprehensive picture of
complex interactions between key concepts [32]. Conceptual frameworks are also very helpful in
providing the visual tools to convey the interconnectedness of various elements of the research study.
In addition to identifying relationships, these frameworks also help in pointing to future research.

In the Saudi Arabian oil and gas industry, LCA and IoT are relatively new ideas, and there exists
no literature discussing the integration of these concepts. First, in order to understand the current
status of LCA and IoT application in the Saudi Arabian oil and gas industry, an extensive literature
review was conducted. Literature review is the most commonly used method to explore the present
status and find the state of the art about a given topic [33,34]. Initially, the literature review was
conducted using "LCA," "Saudi Arabia," "oil and gas industry," and "loT" as keywords. Scopus was
the main database used for this search, as the majority of relevant journals and conferences are
indexed in Scopus. In addition to Scopus, a general search on the internet was also conducted using
the same keywords to find industry reports and policy documents that are usually not listed in the
Scopus database.

Results from this literature review were then used to identify the current application of LCA and
IoT in the Saudi Arabian oil and gas industry and the future prospects of integrating them. A
thorough reading and analysis of the selected papers was employed to extract themes, constructs,
and linkages that helped in developing the framework presented in this paper. This analysis helped
to highlight the gaps in integration of these technologies and led to develop a conceptual framework
integrating LCA and IoT technologies to promote sustainability in Saudi Arbian oil and gas industry.

3. Conceptual Framework

This section begins by presenting the key findings from the literature review related to the use
of LCA and IoT in the Saudi Arabian oil and gas industry. Following this, existing methodologies to
integrate LCA and IoT are presented. Then, using thematic analysis and building on insights from
the literature review, a novel framework designed for this study is presented. This framework can
help to improve sustainability of the oil and gas industry by combining LCA and IoT in upstream,
midstream, and downstream activities.
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3.1. LCA in Saudi Arabian Oil and Gas Industry

Literature review related to the application of LCA in the Saudi Arabian oil and gas industry
yielded only four research papers and one industry report. These studies compared the
environmental impacts of various oil and gas industry products and processes. In one study[35]
authors compared the environmental impacts of three products: marine oil gas produced in Saudi
Arabia, marine oil gas produced in the USA, and liquefied natural gas (LNG) produced in Qatar. The
authors found that LNG produced in Qatar had the lowest environmental impacts; however, the
authors pointed out that LNG losses during shipping and storage still pose a significant
environmental burden. In a similar investigation [36], various fuels including Saudi marine oil and
green hydrogen were analyzed in the context of achieving International Maritime Organization's
2050 greenhouse gas emission reduction targets. The study concluded that use of green hydrogen for
marine fuel can help to meet the targets. One more study compared the environmental impacts of
various pipeline repair techniques used in the Saudi Arabian oil and gas industry [37]. Considering
the strategic importance of the oil and gas industry and its enormous carbon footprint, there is a
significant opportunity to broaden the use of LCA in all the activities of the oil and gas industry.

3.2. 10T in Saudi Arabian Oil and Gas Industry

As mentioned earlier, [oT has become a leading technology for real-time monitoring, predictive
maintenance, and asset management. Adopting loT in Saudi Arabia's oil and gas sector can
significantly enhance efficiency, safety, and environmental performance. The literature review
related to the use of IoT in the Saudi Arabian oil and gas sector, however, resulted in very few
published research studies. Most of these studies have primarily discussed the use of IoT for pipeline
monitoring. For example, in one study IoT networks were reviewed for detecting leakages in
pipelines [38]. The paper compared various types of networks and challenges related to sensor power
management, data accuracy, and operation in harsh environments.

Another study [39] discussed the use of multi-criteria design analysis to evaluate various IoT
solutions and recommended optimal choices. The study unified technical and economic
considerations in selecting IoT applications. Alhomay and colleagues [40] focused on the use of low-
power, wide-area network technology for pipeline monitoring. Their study provided guidelines for
designing sensor networks that optimize energy use and communication reliability. Overall, these
papers provide valuable information for integrating IoT with oil and gas infrastructure. They
emphasize a holistic approach by combining various layers of IoT infrastructure. Widespread use of
IoT in the Saudi Arabian oil and gas industry can lead to significant benefits. However, barriers to its
adoption remain, including compatibility with legacy systems, retrofitting current equipment, and
investment costs. As IoT adoption gains momentum, integrating Life Cycle Assessment (LCA) and
IoT presents another opportunity to make the oil and gas sector more environmentally responsible
and resilient. With this in mind, the following framework is presented.

3.3. Conceptual Framework for Saudi Arabian Oil and Gas Industry

Figure 5 shows the propsoed framework to integrate LCA and IoT across the entire value chain
of oil and gas sector. A four-layered IoT architecture is adopted and integrated with the five-stage
life cycle assessment model to present the framework that can enhance sustainability and operational
efficiency of the oil and gas value stream. An additional layer of LCA reporting is added to this
framework that can combine static LCA inventories with dynamic data to provided real time
enviromntal impacts. By integrating five stages of life cycle assessment with a four-layered IoT
architecture comprising of perception, network, processing, and application layers, the oil and gas
industry can achieve a real-time, data-driven environmental evaluation system that continuously
monitors and analyzes every phase of the oil and gas life cycle.

In upstream operations of exploration and extraction phase, IoT sensors placed on drilling rigs
and wellheads can collect valuable data such as methane emissions, water usage, and energy
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consumption. These inputs are then transmitted through the network layer via satellite or 5G
networks. The data processing layer can analyze this data to detect inefficiencies or emissions spikes.
This data is then fed to the application layer. Applications featuring dashboards can help visualize
extraction-phase emissions per barrel, and at the same time, this information can be integrated with
the LCA application layer to provide real-time environmental impact reports. The LCA layer will rely
on existing inventories from standard databases such as Ecolnvent [41]and, at the same time,
dynamic data provided by IoT. Data that cannot be collected via sensors, can be obtained through
other enterpirse information systems. This real-time linking of the LCA database with IoT
infrastructure can help reduce flaring, minimize land use, and enable proactive responses to
environmental hazards.

In midstream operations of storage and transportation, the perception layer sensors include
pressure sensors, flow meters, and gas detectors. These sensors can be placed on pipelines, tank
farms, oil tankers, and shipping vessels. These sensors can monitor energy consumption, gas
leakages, and transition efficiency in real time. Information from these sensors can then be
transmitted across the network layers, even from remote and offshore locations. This data is
processed in the data processing layer and then presented to the application layer. This data can then
be used to produce real-time LCA inventories. Using advanced data processing tools, instant
calculation of GWP of various transporting routes is possible. Interactive GIS-based dashboards can
then be constructed to display emissions by location, transportation mechanism, and transport route.
This information can provide insights to optimize routing and environmental impacts. This dynamic
integration can help oil and gas firms to minimize the carbon footprint, improve transportation
efficiency, and reduce operational risks like gas leaks or oil spills.

Integration of IoT and LCA can generate huge benefits in downstream operations. Refining,
distribution, and end user consumption results in a large portion of emissions related to oil and gas
industry. In refineries, the perception layer can capture real-time data on energy uses, flue gas
composition, and hazardous emission. IoT sensors embedded in refining equipment can also provide
real-time condition monitoring and early fault detection. This data then can be integrated with LCA
inventories to generate environmental profile of refining operations and indicate environmental hot
spots. Similarly data collected on fuel sales at distribution points can help in estimation of end used
emissions. This data can help in reporting of Scope 3 emissions and regulatory disclosures.

The IoT and LCA framework can provide enhanced visibility in the end-of-life phases of
recycling and decommissioning of oil and gas equipment. Extensive data gathering is required to
estimate the environmental impacts of well decommissioning, dismantling offshore rigs, and
recycling materials extracted from these activities. There is a huge opportunity to automate this data
collection by providing a perception layer using RFID tags and sensors that can track the status and
location of decommissioned equipment. Additionally, sensors can also detect land and water
contamination near the abandoned sites. This data can be transmitted over network layers and
processed to provide accurate estimates of material recovery and environmental burdens. LCA
application tools can then present this information through lifecycle dashboards to show
environmental impacts of various end-of-life scenarios for decommissioned equipment. This
integration can enhance the sustainability of an often neglected aspect in the oil and gas sector.
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Figure 5. An integrated LCA and IoT framework for oil and gas industry.
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In short, by integrating LCA and IoT, oil and gas companies can transform and revolutionize
sustainability reporting across upstream, midstream, and downstream activities. Every phase of the
oil and gas lifecycle can be monitored in real time and can be optimized to reduce environmental
impacts by implementing this framework. Integration of four layers of IoT with LCA ensures the
collection of real-time data, its secure transmission, processing of real-time insights, and intelligent
decision support for monitoring environmental impacts and for regulatory compliance. By adopting
this framework, LCA moves from a static and retrospective endeavor to a real-time and interactive
activity. Adopting this framework will ensure long-term environmental stewardship and will assist
in decarbonizing efforts of the oil and gas industry.

4. Discussion

This paper presented a novel framework integrating LCA and IoT technologies within the
context of the Saudi Arabian oil and gas industry. The literature review for this paper revealed a very
limited number of studies related to LCA and IoT in Saudi Arabia. Although some work is reported
in relation to individual applications of LCA and IoT, their combined application still remains
unexplored. This study was an attempt to fill this gap by providing a framework that linked the five
stages of LCA—raw material extraction, processing, distribution, use, and disposal—to the four
layers of IoT architecture —perception, transmission, processing, and reporting.

This framework enables the real-time collection and transmission of environmental data across
the complete oil and gas supply chain. This data is then integrated with conventional LCI databases
(like EcoInvent) to generate accurate and timely reports. This framework proposes an additional layer
for LCA reporting that can integrate both static and dynamic data. This integration can help to
identify environmental hotspots for a sector that has a very complex operational profile and a very
significant carbon footprint. This integrated framework, if implemented, can help oil and gas
companies to better manage environmental emissions, reduce carbon footprint, and meet challenging
regulations and international climate commitments like net-zero targets.

One of the major strengths of this framework is to provide real-time continuous environmental
emission reports across the entire value chain. Conventional LCA reports are usually static and
historic in nature. They rely on the data that does not represent the fluctuations in the real-time
operations of the company. This framework, on the other hand, leverages IoT sensors to gather real-
time data from drilling rigs, pipelines, distribution channels, and refineries. This then allows for real-
time monitoring of environmental impacts that can detect emission spikes as they happen. During
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the extraction phases, for instance, if excessive leaks of methane gas are detected their environmental
impacts can be reported instantly and prompt actions can be taken to reduce the environmental harm.

Saudi Arabia's ambitious national development plan — Vision 2030 — places very strong emphasis
on sustainability, and the country is committed to meet net-zero targets by 2060 [42]. This framework
helps to embed sustainability within IoT layers, thus enhancing sustainability and environmental
responsibility of the oil and gas sector. Inclusion of end-of-life stages like decommissioning of rigs
further strengthens the framework. This full life cycle visibility will help to meet the ESG
requirements and will improve transparency of oil and gas operations.

When compared to existing practices of environmental reporting and management, this
framework represents the next evolutionary step within the oil and gas sector. Both IoT and LCA are
being used in several industries as separate domains, however combination of these two areas
provide several benefits. This framework fills a critical gap in academic research and industrial
practice by outlining a roadmap for a unified approach across the complete value chain. Furthermore,
this framework provides finer resolution and instant access which is usually not present in
conventional sustainability assessment tools like carbon foot-printing and environmental auditing.
Traditional environmental reports and LCA studies can sometimes take considerable amount of time
to prepare and generate meaningful action items. This framework on the hand can enable a live
dashboard for environmental impact monitoring. It can lead to instant corrective actions resulting in
financial and environmental benefits. Additionally, this framework also enhances the scope of
conventional IoT applications in industry which are usually limited to efficiency and safety. Overall
this framework can provide the roadmap to enhance existing ESG practices in the industry.

As with all scientific works, current work has limitations that need to be acknowledged. This
framework, at the moment, is conceptual in nature and there are several steps required for practical
implementation of this framework. There are significant challenges in linking conventional and static
LCI databases like Ecolnvent to real-time and dynamic data generated from IoT sensors. This will
require designing new software platforms and advanced data analytics capabilities. Then there are
issues of data ownership, confidentiality, and privacy among various stakeholders representing the
complete oil and gas value chain. These issues can complicate collaboration and data sharing.
Furthermore, this framework assumes a high level deployment of IoT infrastructure within the oil
and gas sector. While digital transformation of Saudi oil and gas sector is underway, deployment of
an IoT system that is fully integrated with LCA will require significant investment. Similar major
efforts are required to retrofit existing infrastructure, integrating legacy software systems, and
updating data collection mechanisms. Another limitation of the framework may arise from the use
of non-region specific data in legacy LCI databases. At the moment, most of the LCI databases are
based on European material flows, energy mixes, and operational characteristics. Integrating this
data with real-time IoT data may lead to skewed or incomplete assessment. Without localization of
LCI databases, results provided by this framework may be compromised.

There are several areas of future work that can enhance the utility of this framework. One of the
most important steps will be to develop a pilot implementation of this framework within a selected
facility of an oil and gas organization. These pilot runs will act as proof of concept for this framework
and will provide important learning regarding cost implications, integration challenges, and
organizational feedback. Lessons learned from pilot runs can be used to further develop and expand
the framework across the complete value chain of oil and gas operations. Performance metrics like
carbon footprints, energy consumption, and regulatory compliance can be tracked to validate the
effectiveness of the framework. Another area of future research is to develop local LCI databases that
can integrate IoT-generated data. This may require extensive collaboration between industry,
academia, and regulatory organizations. A Saudi-specific LCI database will greatly enhance the
benefits of this framework. Finally, other digital technologies like machine learning, digital twins,
and Al should be explored for their integration into this framework. This will further enhance the
integration of operational parameters with sustainability assessments.
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5. Conclusions

This study proposed a conceptual framework to integrate the five stages of LCA with a four-
layered IoT architecture within the context of the Saudi Arabian oil and gas industry. A literature
review conducted for this study revealed that the application of both LCA and IoT in this sector is
still in its nascent stages in Saudi oil and gas industry. Only a limited number of research articles and
studies have explored the use of LCA and IoT and no study was found discussing the integration of
integration of these concepts to promote sustainability in Saudi oil and gas industry. Globally, LCA
is one of the most widely used sustainability assessment techniques, offering a structured approach
to evaluating environmental impacts. Meanwhile, IoT enables real-time data collection throughout
the oil and gas value chain. Integrating IoT-generated data with LCA can greatly enhance the
accuracy and effectiveness of environmental impact assessments. By combining the four layers of [oT
architecture with the five stages of LCA, substantial benefits can be gained in quantifying
environmental impacts and devising actionable pathways to reduce them.

This framework offers valuable guidance for LCA practitioners and sustainability managers to
align industrial operations with sustainability goals. Given the crucial role of the oil and gas industry
in Saudi Arabia, it is important to promote tools and methodologies that not only enhance
sustainability but also improve operational efficiency. The integration of LCA and IoT can help the
oil and gas sector align with international sustainability commitments, including achieving net-zero
emissions by 2060. In conclusion, this framework provides a foundation for future research and
practical implementation, fostering operational efficiency and environmental responsibility in one of
the most important sectors of the Saudi economy.
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