@ Universe
Scientific Publishing

Review

Clean Energy Science and Technology 2024, 2(4), 192.
https://doi.org/10.18686/cest.v2i4.192

Role of energy value chain in carbon neutrality: A review

Zheng Luo'?, Xiaojie Lin">", Yanling Wu'*", Wei Zhong'*

!'College of Energy Engineering, Zhejiang University, Hangzhou 310058, Zhejiang Province, China
2 Shanghai Institute for Advanced Study, Zhejiang University, Shanghai 201203, China
* Corresponding author: Xiaojie Lin, xiaojie.lin@zju.edu.cn; Yanling Wu, shelleywu@zju.edu.cn

CITATION

Luo Z, Lin X, Wu Y, Zhong W. Role
of energy value chain in carbon
neutrality: A review. Clean Energy
Science and Technology. 2024; 2(4):
192.
https://doi.org/10.18686/cest.v2i4.192

ARTICLE INFO

Received: 15 July 2024
Accepted: 18 October 2024
Auvailable online: 29 October 2024

COPYRIGHT

Copyright © 2024 by author(s).
Clean Energy Science and
Technology is published by Universe
Scientific Publishing. This work is
licensed under the Creative
Commons Attribution (CC BY)
license.
https://creativecommons.org/licenses/
by/4.0/

Abstract: Value chain analysis is an important tool for optimizing operations and decision-
making in enterprises. As the concept of sustainable development gains recognition worldwide,
research on value chains is increasingly focused on sustainability. Traditionally, energy
management and value management have operated in parallel with limited intersections.
However, after the 2015 Paris Agreement set the goal of achieving net-zero emissions, carbon
management has become integral to national strategies, necessitating a re-evaluation of
traditional value chains. In this paper, the “energy value chain” is introduced, a novel concept
that integrates energy consumption with value creation and carbon emissions, emphasizing the
coupling relationships among “energy flow”, “value flow”, and “carbon flow.” From a review
of current value chains in the power, steel, petroleum, and transportation industries, the specific
energy value chain for each industry is defined and its rationale and effectiveness are discussed.
This integrated analytical method provides a strategic tool for industries or enterprises to
optimize energy consumption, reduce carbon emissions, and enhance competitive advantage.
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1. Introduction

The history of human development can be simply described as a history of energy
utilization. However, as natural resources become increasingly depleted, the
management of energy consumption is becoming more and more refined.
Governments and relevant organizations worldwide have implemented policies to
limit energy consumption. In 2017, The European Union introduced the “Energy
Efficiency Directive”, which aims to prompt member states to set efficiency targets to
promote efficient energy consumption [1]. In 2015, China proposed evaluating
national energy consumption based on the total amount and intensity of energy
consumption [2]. In this wave, enterprises, as both policy implementers and innovation
leaders, are also making their efforts. For example, Siemens developed the SIMATIC
energy management software, which integrates all functions from data recording to
energy analysis, effectively helping customers reduce energy costs and improve
energy efficiency [3]. Schneider Electric’s EcoStruxure platform integrates the
Internet of Things, sensors, and cloud computing technologies to achieve intelligent
energy management and optimization [4]. Global efforts are being made to enhance
the efficient and clean use of energy.

The value chain was introduced by Porter in 1985 [S5]. The value chain points out
that the competitive advantage of enterprises is not only from the external market
environment but also from the organization and management of internal activities.
These activities, which include every activity from raw material procurement to
production, and from sales to after-sales service, constitute a value-creating process
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known as the value chain. Through value chain analysis, enterprises can identify
activities advantageous or to be improved to achieve long-term competitive advantage.
As competition among enterprises intensified and market demands became more
complex, value chain analysis has expanded from individual enterprises to entire
industries. Enterprises began to recognize that optimization across the entire industry
value chain, not just internally, could yield greater competitive advantages. For
example, the collaboration between automakers and parts suppliers in the automotive
industry exemplifies the application of this broader value chain perspective [6,7]. With
the advent of economic globalization, production activities have increasingly
globalized, and value chain analysis has extended from local industries to a global
scale. The concept of the global value chain (GVC) has gradually gained widespread
acceptance [8]. GVC focuses on the production, distribution, and consumption of
products and services on a global scale. GVC analysis emphasizes the division of labor
and cooperation among different countries and regions within the global production
network. Researchers and policymakers are now focusing on how to enhance national
or regional economic competitiveness through the GVC and how to achieve higher
added value within the GVC.

The global energy and climate crises have underscored the need for industries to
prioritize clean, efficient, and sustainable development. As a response, the field of
value chain research has introduced various concepts, such as the sustainable value
chain, which emphasizes not only value creation but also the conservation and efficient
use of resources to ensure long-term sustainability. Energy management, an essential
component of sustainable development, is increasingly recognized as critical in
supporting these efforts. However, most corporate energy management strategies
remain focused on energy costs, lacking the strategic depth needed to examine how
energy consumption actively contributes to value creation. While some studies have
attempted to merge value chain analysis with energy sector applications [9—11], these
research works often remain superficial, focusing on basic applications rather than
delving into the complex role of energy consumption in value creation. Specifically,
they fail to adequately explore the relationship between “energy flow” and “value
flow”. The lack of a comprehensive analytical framework to integrate these two
critical flows represents a significant gap in current research.

With the advent of global warming and the establishment of the United Nations’
Social Development Goals, carbon has become a crucial factor in industrial and
enterprise development. Various countries have implemented policies to protect the
environment. Against this background, carbon emission management has also
gradually been incorporated into value chain management [12—14]. For instance, the
European Union’s “Eco-design for Sustainable Products Regulation” imposes
restrictions on the carbon footprint of all products placed on the market or put into use
[15]. Under the management pressures of energy, carbon, and value, an integrated
approach that combines carbon flow, energy flow, and value flow is required.
However, effective joint analytical methods to support multi-objective management
have not yet emerged. In this study, through a review of relevant research, the “energy
value chain”, a new framework that unifies these flows, has been defined, serving as
a strategic tool to optimize operations in a carbon-constrained economy.
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The structure of this paper is as follows. Section 1 outlines the background for
the concept of the energy value chain, and the current state of energy management and
carbon management within the value chain is briefly introduced. The feasibility of
energy flow—value flow—carbon flow multi-perspective analysis is also analyzed.

In Section 2, drawing from existing research, the specific definition of the energy
value chain is presented, based on the perspective that energy consumption supports
value creation. The significance of the energy value chain from the viewpoints of
different stakeholders is analyzed.

In Section 3, more specific energy value chains for different industries due to the
unique energy consumption processes, production workflows, and supply chain
structures are proposed. The role played by the energy value chain within these
industries is also examined.

In Section 4, the analysis of the energy value chain concept is examined and more
specific methodologies for energy value chain management are presented.

2. Definition and significance of energy value chain

2.1. Definition of energy value chain

The structure of both the traditional value chain and energy value chain is
fundamentally similar, as both describe the process of raw material purchase-
production-sales. However, compared with the traditional value chain, which focuses
solely on the value flow, the energy value chain emphasizes the supporting role of
energy consumption in value-creating activities. It places greater emphasis on the
interaction between energy flow, value flow, and carbon flow [16—18]. Compared with
energy flow and value flow, the definition of carbon flow is vaguer. In this study, the
definition of carbon flow specifically refers to the movement of carbon emissions
within the energy network. This carbon flow is represented as a virtual network that
mirrors the topology of the energy network. Unlike the tangible parameters in an
energy network—where nodes and branches correspond to energy
consumers/producers and transport parameters, such as voltage, hydraulic pressure, or
temperature—in this virtual carbon network, nodes represent carbon emissions
associated with energy consumption and production, while branches represent
emissions linked to energy transport.

Drawing from the development patterns of the traditional value chain from
enterprises to industries and considering the differing interests of stakeholders at
various levels, the research objects of the energy value chain in this research were
divided into industry and enterprise. Based on these objects, the energy value chain
was defined in two ways: general and special. The specific definitions are as follows:
1) General energy value chain: Consider an industry as a whole, its energy value

chain encompasses all value-creating and transferring activities supported by

energy consumption, from the extraction of basic raw materials to the formation
of the final consumer products. In the general energy value chain, enterprises or
even clusters of enterprises are viewed as the conversion hubs for energy flow,
value flow, and carbon flow, which create and transfer value, as shown in Figure
1.
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Figure 1. General diagram of energy value chain.

2)

Special energy value chain: This energy value chain focuses on midstream

enterprises with high energy consumption and intensive value-creating activities.

It considers the enterprise as a whole, encompassing all activities that create and

transfer value supported by energy consumption, from the purchase of raw

materials to the formation of the final product. In the special energy value chain,

the different activities of the production process are viewed as the conversion

hubs for energy flow, value flow, and carbon flow—activities that create and

transfer value. Compared with the traditional value chain, there are some

differences in the “upstream-midstream-downstream” segments for the energy

value chain, as outlined below [17,19]:

Upstream: In traditional value chains, upstream activities usually focus on
the extraction and supply of raw materials. However, the energy value chain
expands this by integrating the production processes of energy-related
products and services. Besides conventional raw materials, this also includes
renewable energy sources, such as wind and solar power. The acquisition of
these materials involves specific extraction processes, which are
fundamental to the subsequent stages of energy production. In this study, to
simplify the presentation and focus on the core components of the energy
value chain, interactions between industries, specifically power, petroleum,
and manufacturing industries, were streamlined to emphasize the distinct
processes within each industry.

Midstream: The midstream stage in the energy value chain primarily
concerns the generation and conversion of energy, which introduces a high
degree of technical complexity. This stage relies on specialized
infrastructure, such as power plants, and is governed by physical principles,
such as the second law of thermodynamics, which sets limits on efficiency.
Such technical constraints mark a significant divergence from midstream
operations in traditional value chains, which are generally less constrained
by physical laws and focus more on the transformation of raw materials.
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*  Downstream: While traditional value chains focus on the distribution of
physical goods, the downstream stage of the energy value chain deals with
energy commodities, such as electricity and natural gas, which present
unique challenges due to their storage limitations. This stage requires a
delicate balance between supply and demand and involves sophisticated
management systems to ensure stability, contrasting with the traditional
focus on warehousing and logistics.

2.2. Significance of energy value chain

An analysis of the energy value chain targets different stakeholders, and the roles

and significance of the energy value chain for each stakeholder are not yet fully clear.

In this section, the roles and significance of the energy value chain from the

perspectives of enterprises, industries, governments, and the global carbon neutrality

goal are discussed in detail.

1)

2)

3)

Enterprises: Historically, enterprises have often considered energy flow, value
flow, and carbon flow in isolation, neglecting the influence of the enterprise as a
link in the industry on the coupling of these flows. A general analysis of the
energy value chain can precisely locate an enterprise’s interaction within its
industry’s energy flow, value flow, and “carbon flow, thereby fully uncovering
the enterprise’s advantages and fostering differential competitive strength
[17,20,21]. The special energy value chain provides a tool to analyze value-
creation and energy-consumption processes of various activities, such as
conversion, manufacturing, transportation, storage, and sales of raw materials.
By analyzing these processes, enterprises can accurately identify key value-
creation activities, low energy-efficiency activities, and high carbon emission
activities. This analysis supports strategic decision-making, optimizes value
chain configuration, and enhances competitiveness [17,20,21].

Industries: Under the threat of a global energy crisis, countries around the world
are actively seeking cleaner, more sustainable energy (e.g., hydrogen and nuclear
energy). The acceleration of this process necessitates continuous updates and
iterations of energy consumption structures across various industries. In this
context, the energy value chain can guide the energy consumption structure
transformation of different industries from the perspective of energy flow, carbon
flow, and value flow [19,20,22].

Governments: Firstly, energy value chain analysis can guide governments in
identifying potential fields for resource conservation or pollution reduction,
which is increasingly important in the context of environmental sustainability and
climate change [16,17,22,23]. Secondly, from an economic perspective, the
energy value chain can help developing countries identify opportunities to
capture a larger share of added value. This is particularly crucial for countries
currently engaged in low-value, labor-intensive manufacturing, as it can help
them avoid being trapped in low-value segments of the value chain [16,17,22,23].
Finally, understanding the energy value chain can assist governments in
formulating policies, including environmental regulations and taxation, that
influence the scale, shape, and form of industry value chains [16,17,22,23].
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4)  Global carbon neutrality goals: The development of the energy value chain can
contribute in several ways. Firstly, optimizing the energy value chain can support
enhanced energy efficiency, significantly reducing carbon emissions. As
proposed by Liu et al. [24], improving energy and environmental efficiency in a
positive feedback loop can provide insights from a global value chain
perspective. Secondly, the clean energy driven by the energy value chain also
aids in achieving carbon neutrality. For instance, the structural decline in China’s
CO; emissions is attributed to transformations in industrial and energy systems
[25]. Thirdly, as suggested by Cai et al. [26], the development of the energy value
chain can involve implementing stricter environmental regulations, optimizing
energy structures, and improving energy efficiency. This helps reduce the net
emissions embedded in trade, particularly for economies with high carbon
emissions. Finally, the role of global value chains in the CO; emission growth of
both developed and emerging economies is also significant. Therefore,
understanding and developing these carbon-emission-reduction-focused value
chains can help achieve global carbon neutrality goals.

3. Energy value chain in various industries

Compared with the special energy value chain, the general energy value chain
supports a comprehensive analysis at the industry level, making conclusions more
applicable across different industries. The general energy value chain includes
multiple stakeholders, such as governments, industries, and enterprises. A key issue
addressed in this research is how the energy value chain benefits every industry.
Therefore, in the following text, the energy value chain refers to the general energy
value chain.

Additionally, due to differences in energy consumption structures across various
industries, using a single, generic energy value chain for analysis is impractical.
Developing specific energy value chains applicable to various industries holds deeper
significance for the following reasons [22,27,28]:

1) Diverse production processes: Different industries involve various types of
energy consumption and production. A single energy value chain is insufficient
for the detailed management of energy flow and value flow required by each
industry.

2) Energy transition: The global energy crisis has accelerated the shift from fossil
fuels to renewable energy. This transition often introduces volatility in energy
supply. Developing a specific energy value chain for each industry allows for a
thorough analysis of energy consumption and the importance of each segment,
enabling the selection of more stable fossil fuels or cleaner renewable energy
sources to structure the energy value chain.

3) Energy security and efficiency: Specific energy value chains in different
industries can help address the impossible trinity of ensuring energy security,
economic growth, and efficiency. This is particularly crucial in the context of the
rapid expansion of the digital economy, which requires exploring digital
governance in the energy industry, supply chains, and value chains.

In this study, the power industry, steel industry, petroleum industry, and
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transportation industry—four industries that contribute the most to global carbon
emissions and have the highest energy consumption and carbon emission density—
were selected as research objects [29]. The significance and role of the energy value
chain in these industries is discussed.

3.1. Power industry

For the power industry, a complete value chain encompassing the four segments
of source-network-load-storage has been developed. Based on this, an exclusive and
detailed energy value chain for the power industry was further developed [30-32], as
shown in Figure 2.

anfep

Load in power energy value chain

Figure 2. Power industry’s energy value chain.

1) Source: This is the initial segment of the power industry’s energy value chain,
primarily responsible for energy production. Activities in this segment include
the extraction of raw materials (such as coal, natural gas, or oil), the utilization
of renewable energy sources (such as solar and wind power), and electricity
generation (such as coal-fired power plants, nuclear power plants, and
hydroelectric plants). Enterprises in this segment mainly include owners or
managers of coal mines, oil fields, and power plants.

2) Network: This segment is mainly responsible for the transmission and
distribution of electricity. The structure of the power grid can vary by country
and is generally divided into centralized and decentralized models. Enterprises in
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this segment primarily include the owners or managers of these power grids.

3) Load: This segment primarily consumes energy. It involves the use of energy by
end-users in industries, transportation, buildings, etc. This segment comprises a
complex array of enterprises, virtually encompassing all businesses.

4) Storage: This segment involves energy storage. Energy storage is not confined
to a specific segment and can exist across all source-network-load segments.
Each entity may deploy different types of energy storage for various purposes.
One of the primary objectives of the energy value chain is to identify activities

that create the most value across the chain. Traditionally, in the power industry, the

source segment has been the central value-creating node. However, with the rise of
innovations in distributed energy generation and storage technologies, the power
industry’s energy value chain is undergoing a fundamental transformation.

Technologies, such as distributed generation, energy storage systems, and electric

vehicles (EVs), are playing increasingly vital roles in value creation and resource

management. This shift in focus from the source segment to the load segment signifies

a redistribution of value across the chain, altering the conventional understanding of

where value is created [30].

This transformation is driven by several forces, including the growing need for
carbon neutrality and global energy transition to cleaner sources. As the power
industry is responsible for a significant share of global carbon emissions, the energy
value chain presents a strategic framework to align decarbonization goals with
economic efficiency. Notably, the integration of innovative technologies, such as
smart metering, distributed generators, and virtual power plants, alongside the deep
incorporation of energy storage and EVs, offers new pathways to decarbonization and
efficiency improvements [33]. These innovations not only optimize energy
distribution and reduce wastage but also help in aligning the energy sector with net-
zero carbon targets. Furthermore, the digitalization of the energy industry is
facilitating new business models that leverage the exponentially increasing data within
power networks, further enabling consumer participation in energy optimization
efforts [34].

The urgency for net-zero transformation in the power sector is compounded by
its significant carbon intensity. A comprehensive energy value chain analysis focused
on the interactions between energy flow, value flow, and carbon flow can provide
unique insights into how different segments of the chain contribute to carbon
emissions. One critical mechanism enabled by the value chain is the concept of
counter-flow, where consumers, particularly those with renewable energy sources,
feed excess energy back into the grid. This process, made possible by the proliferation
of distributed energy resources, not only decreases reliance on fossil fuels but also
leads to net carbon reductions when the energy fed into the grid exceeds consumption
[34].

Additionally, the energy value chain can serve as a blueprint for the replacement
of high-carbon processes with low-carbon alternatives. For example, integrating smart
grid technology enhances energy efficiency by optimizing electricity distribution,
reducing energy losses, and consequently lowering carbon emissions [31]. Beyond
technology, the energy value chain can identify high-carbon segments within the
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power industry, allowing policymakers and industry leaders to target and gradually
phase out or simplify carbon-intensive processes, contributing directly to carbon
neutrality goals.

While value creation has historically centered on maximizing efficiency and
economic gains, the energy value chain provides a holistic framework to balance these
objectives with sustainability and carbon reduction. For instance, energy value chain
analysis highlights the critical role of information and communications technology in
improving operational efficiency and asset management. As an example, Tokyo
Electric Power Company has integrated blockchain technology to manage electricity
flows more effectively, improving the efficiency of energy distribution and
significantly reducing costs [35].

Moreover, the energy value chain’s emphasis on resource integration and
allocation is crucial for minimizing operational costs, while contributing to carbon
reduction. The inclusion of distributed generators in virtual power plants, the
development of smart meters, and the integration of EVs not only streamline
production processes but also enhance the power sector’s ability to achieve carbon
neutrality [36]. Through such initiatives, the entire energy value chain undergoes a
shift, as the digitalization of processes and the advancement of clean technologies
reshape the landscape of value creation, aligning it with global decarbonization goals.

3.2. Steel industry

From a thorough examination of the value chain and smelting process of the steel
industry, the steel industry’s energy value chain was proposed to be divided into
several key segments, defined as follows [37—39], as shown in Figure 3:

“Distribution” and “Recycleing” in steel energy value chain

Figure 3. Steel industry’s energy value chain.
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1) Mining: The first step in the steel industry’s energy value chain involves the
extraction of raw materials, primarily iron ore and coal. This process is energy-
intensive and requires the use of heavy machinery for mining and transportation,
with the main energy consumption being electricity.

2) Processing: The raw materials are then processed into forms suitable for steel
production. This includes crushing and washing iron ore and coking coal to
produce coke. Both processes require significant amounts of energy, primarily in
the form of heat.

3) Smelting: The processed materials are used to produce steel. This is usually done
in a blast furnace, where iron ore is reduced to iron by burning coke in the
presence of limestone. The iron is then converted into steel in a basic oxygen
furnace. Both processes are energy-intensive, requiring substantial amounts of
heat (from coal combustion) and electricity.

4) Shaping: The steel is then shaped into various forms, such as sheets, rods, or
beams. This is done through various processes, such as rolling, forging, or
extrusion, all of which primarily use electricity.

5) Distribution: The final products are distributed for use in various industries.
Although this segment is less energy-intensive than the previous segments, it
includes interaction with the transport industry.

6) Recycling: Finally, steel can be recycled at the end of its lifecycle, reducing the
demand for new raw materials and the energy needed to extract and process them.
This includes collecting and sorting scrap steel and then melting and reshaping
it.

The steel industry presents substantial opportunities for energy savings across
every segment of its energy value chain, making it a critical area for achieving carbon
neutrality. Through an in-depth review of research on the energy value chain, it
becomes evident that each segment holds untapped potential for both energy
optimization and carbon reduction.

The first segment of the steel industry’s energy value chain involves the
extraction and processing of raw materials, such as iron ore and coal, which are
particularly energy-intensive. This phase offers significant potential for reducing
energy consumption and minimizing carbon emissions. Material flow analysis, as
discussed by Panasiyk et al. [40] and Michaelis and Jackson [41,42], demonstrates that
energy value chain analysis can identify inefficiencies in both material and energy use.
These inefficiencies represent not only opportunities for cost reduction but also
essential leverage points for reducing the carbon footprint of the industry. By focusing
on this segment, energy value chain analysis contributes directly to the broader goal
of carbon neutrality by highlighting areas where energy inputs can be reduced, thus
lowering associated emissions.

The second major segment is smelting, where energy waste is pervasive,
particularly in the form of waste heat. Smelting is one of the most carbon-intensive
processes in steel production due to the high energy demands for melting iron and
removing impurities. Energy value chain analysis allows for systematic quantification
of energy waste in each production activity, thereby providing actionable insights for
deploying energy recovery technologies. These technologies, such as waste heat

10
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recovery, not only cut down energy usage but also contribute to substantial reductions
in carbon emissions by enhancing overall energy efficiency [38].

The final segment of the steel industry’s energy value chain covers the
distribution and use of finished steel products. In this stage, energy costs and emissions
can be further minimized through the optimization of logistics and transportation, as
well as by encouraging the recycling and reuse of steel. Recycling, in particular, plays
a pivotal role in reducing the demand for energy-intensive primary steel production,
thus cutting emissions across the value chain. By promoting a circular economy within
the steel industry, energy value chain analysis helps to reduce both energy
consumption and carbon emissions over its products’ lifecycle.

Compared with the power industry, which tends to have strong regional
characteristics, the steel industry is more vulnerable to international energy market
conditions and policies. Energy value chain analysis becomes essential for managing
these global risks and uncertainties. First, it enables the steel industry to better
understand international trade dynamics, particularly regarding the energy inputs
essential for production. By mapping out key factors affecting energy costs and
availability, the energy value chain equips the industry with the tools to anticipate and
respond to changes in international trade policies that may disrupt energy supply. In
this regard, energy value chain analysis serves as a foundation for creating more
resilient and adaptive strategies, ultimately contributing to the industry’s long-term
carbon reduction goals.

Furthermore, energy value chain analysis helps the steel industry navigate the
complexities of global energy distribution, especially in terms of geopolitical risks.
For example, if energy supplies originate from regions with unstable political or
economic conditions, the analysis can help steel companies diversify their energy
sources or enhance energy efficiency as a risk mitigation strategy. Such strategies not
only secure energy supplies but also reduce reliance on carbon-heavy energy sources,
thus advancing carbon neutrality efforts.

Finally, the energy value chain is instrumental in guiding the steel industry
through global policy trends, particularly those related to energy and climate change.
As governments worldwide adopt stricter carbon regulations, industries must adapt to
increasingly stringent environmental standards. By understanding the flow of energy
and carbon within the value chain, steel manufacturers can develop proactive
strategies, such as investing in carbon-reducing technologies, to align with regulatory
trends and mitigate rising costs associated with carbon emissions [38,43]. This
anticipatory approach ensures that the industry not only complies with global
decarbonization policies but also plays an active role in advancing carbon neutrality.

3.3. Petroleum industry

Through a comprehensive review of the petroleum industry, the petroleum
industry’s energy value chain was defined as follows [44,45], as shown in Figure 4:

11
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1))

2)

3)

“Downstream” in pertroleum energy value chain

Figure 4. Petroleum industry’s energy value chain.

Upstream: This is the first segment of the petroleum industry’s energy value
chain, involving the exploration, development, and production of crude oil or
natural gas. Exploration includes identifying rock layers associated with oil or
gas deposits and conducting geological surveys and seismic tests at potential
sites. Development is the construction phase, during which wells are drilled and
natural gas reservoirs are prepared for extraction. Production is the extraction
segment, where crude oil or natural gas is extracted from underground.
Midstream: This segment involves the transportation, storage, and wholesale
marketing of crude oil or refined petroleum products. Pipelines, trucks, ships, and
railways are often used to transport oil and gas to various locations. Storage
facilities are used to hold large quantities of oil and gas, and wholesale marketing
includes selling petroleum products to distributors.

Downstream: This is the final segment of the petroleum industry’s energy value
chain, involving the refining of crude oil and the processing and purification of
raw natural gas. It also includes the marketing and distribution of products
derived from petroleum. The downstream sector reaches consumers through
various products, such as gasoline, kerosene, jet fuel, diesel, heating oil, fuel oil,
lubricants, waxes, asphalt, natural gas, and liquefied petroleum gas.

The petroleum industry, as a critical global resource, faces heightened risks from

international conditions, more so than industries such as the steel industry, due to its
direct exposure to geopolitical and market fluctuations. The energy value chain

framework offers a strategic lens through which the industry can navigate these

12
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complexities, particularly in addressing the dual challenge of market adaptation and
carbon neutrality. Firstly, the energy value chain facilitates the alignment of
innovation resources with evolving market demands, such as the growing emphasis on
renewable energy and sustainability. This alignment might involve improving refining
efficiency or developing new products that are consistent with the global shift toward
clean energy. By leveraging the energy value chain, the petroleum industry can
diversify its portfolio, incorporating renewable energy sources to reduce its
dependence on oil and gas, thus mitigating risks associated with political and
economic instability.

In addition to diversification, the energy value chain can guide the industry in
restructuring its business models to manage inherent risks more effectively. This
restructuring could include investing in infrastructure resilience, securing supply
chains, and developing contingency plans to address potential disruptions. For
instance, by identifying bottlenecks within the energy flow, the industry can
implement proactive risk management strategies that buffer it against global volatility.
Furthermore, the global push towards climate mitigation presents opportunities for the
industry to innovate by adopting renewable energy technologies, such as wind, solar
PV, and bioenergy, which are becoming increasingly mainstream [28,46].

The ongoing development of EVs further amplifies the decoupling of the
petroleum and transportation industries, compelling the petroleum sector to undergo
significant transformation. The petroleum industry’s energy value chain provides a
robust strategic framework to facilitate this transition, enabling the industry to adapt
to and capitalize on the growing dominance of EVs. One critical aspect of this
adaptation involves using carbon flow analysis within the energy value chain to assess
the feasibility of integrating biofuels, hydrogen, and electricity into various segments.
By promoting diversified energy alternatives, the energy value chain can guide the
petroleum industry toward a low-carbon, sustainable future [46].

Moreover, the energy value chain helps to redirect value flows toward the EVs’
energy ecosystem. For example, petroleum companies can leverage their extensive
infrastructure to support the development of clean energy for EV charging stations.
This not only creates new revenue streams but also positions the industry as a key
player in the transition to a low-carbon economy. By repurposing existing assets and
expertise, the industry can retain relevance in a rapidly transforming energy landscape,
playing an active role in the transformation [45,46].

The petroleum industry, a major global contributor to carbon emissions, faces
intense pressure to achieve net-zero targets. The energy value chain offers a
comprehensive framework for identifying strategic points where emissions can be
reduced, thus aligning the industry with broader carbon neutrality goals. Firstly,
investing in carbon capture and storage (CCS) technology is crucial. By focusing on
key emission points, such as extraction sites and refineries, the industry can
significantly curtail its carbon footprint. This approach not only ensures compliance
with stringent regulatory requirements but also reinforces the sector’s commitment to
addressing climate change [47].

Beyond CCS, integrating renewable energy into the operational mix is essential
to reducing reliance on fossil fuels and minimizing carbon emissions. This strategy

13
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supports the industry’s transition toward sustainability, while reinforcing the energy
value chain’s role in driving systemic change. Improving energy efficiency through
the adoption of energy-saving technologies and practices across the exploration,
production, refining, and transportation stages also plays a pivotal role in lowering
emissions. Analysis of the energy value chain can identify inefficiencies and guide
interventions, making these practices some of the most cost-effective solutions for
reducing the sector’s carbon footprint.

Finally, the industry’s investment in low-carbon technologies must be sustained
and expanded. Research and development in this area are vital for maintaining
leadership in sustainable practices, while also opening pathways for new methods of
energy production and utilization. By strategically utilizing the energy value chain, the
petroleum industry can innovate in a manner that contributes to both its economic
competitiveness and the global carbon neutrality agenda [46].

3.4. Transportation industry

Through a comprehensive review of the entire industrial chain process in the
transportation industry, the transportation industry’s energy value chain was proposed
to be defined as follows [48], as shown in Figure 5:

“Energy production” and “refueling and charging” in
transportation energy value chain

in transportation energy value chain

Figure 5. Transportation industry’s energy value chain.

1) Energy production: This segment involves producing various types of energy
needed for transportation. It includes refining crude oil into gasoline and diesel,
storing electricity in batteries, and converting renewable energy into hydrogen
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usable by vehicles to ensure compatibility with different modes of transportation.
2) Refueling and charging: This segment involves the infrastructure necessary for

directly providing fuel to vehicles, including gas stations and EV charging

stations. The development of this infrastructure is key to supporting diverse
vehicle types and the broader adoption of clean transportation technologies.

3) Transportation: In this segment, the focus is on the actual use of energy by
vehicles to achieve mobility. Here, improving energy efficiency involves
technological advancements in vehicle design and operation, such as engine
improvements and the use of lightweight materials.

4) Emission management: Given the environmental challenges associated with
transportation, this segment focuses on reducing emissions through advanced
technology and managing the overall environmental footprint of transportation
activities.

5) Vehicle recycling: The final segment involves environmentally responsible
vehicle disposal and recycling, aiming to recover valuable materials and mitigate
the environmental impact of vehicle decommissioning.

By deconstructing the energy value chain into its essential components—
production, storage, distribution, and end-use—stakeholders can identify critical
points for innovation that directly contribute to carbon neutrality. This structured
approach not only enables the integration of diverse energy sources but also ensures
that technologies and infrastructure are optimized for present and future energy
demands in ways that reduce carbon emissions. In the production phase, for example,
innovations that increase efficiency, such as the use of renewable energy sources, such
as wind, solar, and hydrogen, directly support decarbonization efforts. Enhanced fossil
fuel extraction and processing methods also contribute by reducing energy intensity
and emissions during the transitional phase towards a cleaner energy mix. In terms of
storage and distribution, advances in battery technology, hydrogen storage solutions,
and smart grid systems play essential roles. These innovations not only help reduce
energy waste during distribution but also enable the stable flow of clean energy from
renewable sources, thereby lowering reliance on carbon-intensive energy forms
[48,49].

At the end-use stage, especially in the transportation industry, integrating multi-
fuel systems and improving fuel cell technology enhances vehicle efficiency, allowing
greater flexibility in energy sources, while supporting the decarbonization of
transportation. A comprehensive energy value chain analysis is instrumental in
shaping policies that encourage the adoption of clean energy technologies, improve
energy security through diversified energy sources, and ultimately drive down
emissions in line with global climate goals.

As the transportation industry experiences an influx of new technologies, the
rational allocation of innovation resources becomes critical. For instance, EVs present
an opportunity to significantly reduce carbon emissions, yet a deeper analysis of their
energy value chain reveals several challenges that must be addressed to realize their
full potential. Key areas, such as battery technology improvements, expansion of
charging infrastructure, and changes in consumer behavior, emerge as essential. This
analysis also brings attention to the dependence on critical raw materials, such as
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lithium and cobalt, which pose significant supply risks. Similarly, hydrogen fuel
technologies face distinct challenges in production, storage, and distribution, as well
as the need for integration with existing natural gas infrastructure. The analysis of
these challenges helps identify where technological and resource investments can
yield the most substantial impact [48].

Moreover, the energy value chain serves as a strategic tool for governments and
industries to meet carbon neutrality targets. By mapping the flow of energy across
different stages, stakeholders can prioritize actions that maximize emission reductions.
For instance, policymakers can focus on incentivizing research into energy storage
technologies or subsidizing the transition from fossil-fuel-based transportation to
electric-powered and hydrogen-powered systems. Furthermore, understanding the
energy value chain enables firms to adjust their production and supply strategies in
response to governmental regulations aimed at carbon reduction, thus ensuring
compliance, while maintaining competitiveness.

This structured approach also facilitates a critical re-examination of the value
chain as heavy vehicle manufacturers transition to electrified power systems. The shift
requires industries to reconfigure assembly lines, invest in battery production
technologies, and address the limitations of current infrastructure. Such a
reassessment, guided by energy value chain analysis, ensures that firms can streamline
operations and reduce costs, while simultaneously advancing their carbon neutrality
goals [48]. Through energy value chain insights, transportation companies can also
uncover new opportunities in emerging clean energy sectors. Collaborations with
energy suppliers and tech companies for biogas integration in heavy transportation and
shipping, for instance, offer new avenues for innovation, diversification, and profit
generation [48,50]. These shifts align the transportation industry with broader efforts
to slow climate change and accelerate the path to a decarbonized future.

3.5. Role of energy value chains in facilitating cross-industry synergies

With the complex background of economic globalization, net-zero emission
targets, and changes in international circumstances (such as the Russia-Ukraine
conflict), traditional modes of collaboration between industries have been altered, and
new modes of collaboration are gradually emerging. Based on this context, a
comprehensive review of the changes and trends in the collaborative relationships
among the four selected industries is provided in this section, and the role of the energy
value chain is also discussed.

Under the pressure of carbon emissions, various industries are pursuing cleaner
and lower-carbon energy forms. For the steel industry, traditional smelting processes
primarily consume thermal energy from the combustion of fossil fuels. However,
smelting is now increasingly utilizing electric arc furnaces. Compared with traditional
blast furnaces, electric arc furnaces can save 60% to 70% of energy [51]. In the
petroleum industry, broader electrification is recommended by government agencies.
A report mentioned that a large-scale substitution of electricity in the pilot project at
the Daya Bay Petrochemical Park in Huizhou could reduce emissions of particulate
matter, SO,, NOy, and CO by 40%, while emissions of volatile organic compounds
could be reduced by 6% [52]. In the transportation sector, this shift is reflected in the
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widespread adoption of EVs. The market penetration rate of EVs increased from 4.2%
in 2020 [53] to 17.1% in 2023 [54]. In their pursuit of cleaner and lower-carbon energy
forms, all these industries have not ignored the key concept of electrification, which
in turn places greater responsibility on the power industry. The power industry has
long been making efforts to provide low-carbon, green electricity to various sectors,
with 30% [55] of global electricity coming from renewable energy sources as of 2023.

This electrification transformation implies more frequent interactions between
the power industry and various sectors, with increased energy, value, and carbon
exchanges and transfers. The energy value chain, as a method of joint modeling and
analysis of energy, value, and carbon, can help enterprises more clearly discern
industry development trends, thereby enabling better decision-making.

4. Summary and prospect

In this paper, an energy value chain is defined as one that integrates energy flow,
value flow, and carbon flow based on the traditional value chain concept. Through a
comprehensive review of related studies, the significance of the energy value chain
for different stakeholders, its specific definitions, and its roles across various industries
have been discussed, confirming the validity and rationality of the energy value chain.
The discussion indicates that the energy value chain can effectively identify low
energy efficiency, high carbon emissions, and low value-creating activities within
industries and enterprises, guiding strategic decision-making and value chain
adjustments. However, there are some limitations in the research on the energy value
chain, as follows:

*  With the future development of electricity and carbon trading markets, industries
and enterprises will be more affected by market fluctuations. The role of the
energy value chain as a unified analysis method of energy flow, value flow, and
carbon flow in this context has not been validated.

*  The energy value chains of various industries do not exist independently; their
interactions and influences have not been considered and discussed.
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