GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/165546/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Qiu, Jing, Zhao, Junhua, Wen, Fushuan, Zhao, Junbo, Gao, Ciwei, Zhou, Yue , Tao, Yuechuan and Lai,
Shuying 2024. Challenges and pathways of low-carbon oriented energy transition and power system
planning strategy: a review. IEEE Transactions on Network Science and Engineering 11 (6) , pp. 5396-5416.
10.1109/TNSE.2023.3344729

Publishers page: http://dx.doi.org/10.1109/TNSE.2023.3344729

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Challenges and Pathways of Low-carbon Ori-
ented Energy Transition and Power System
Planning Strategy: A Review

Jing Qiu, Junhua Zhao, Fushuan Wen, Junbo Zhao, Ciwei Gao, Yue Zhou, Yuechuan Tao, Shuying

Abstract— This paper provides an overview of the challenges
and pathways involved in achieving a low-carbon-oriented energy
transition roadmap and power system planning strategy. The
transition towards low-carbon energy sources is crucial in mitigat-
ing the global climate change crisis. However, this transition pre-
sents several technical, economic, and political challenges. The pa-
per emphasizes the importance of an integrated approach to
power system planning that considers the entire energy system (in-
cluding both physical and information systems and market mech-
anisms) and not just individual technologies. To achieve this goal,
the paper discusses various pathways toward low-carbon energy
transition, including the integration of renewable energy sources
into current energy systems, energy efficiency measures, and mar-
ket-based and regulatory strategies encompassing the implemen-
tation of regulations, standards, and policies. Furthermore, the pa-
per underscores the need for a comprehensive and coordinated ap-
proach to energy planning, taking into account the socio-economic
and political dimensions of the transition process. In addition, the
paper reviews the methodologies used in modeling low-carbon-ori-
ented power system planning, including both model-based meth-
ods and advanced machine learning-assisted solutions. Overall,
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the paper concludes that achieving a low-carbon-oriented energy
transition roadmap and power system planning strategy requires
a multi-dimensional approach that considers technical, economic,
political, and social factors.

Index Terms—Energy transition, low-carbon-oriented power
system planning, renewable energy integration, socioeconomic
and political dimensions.

. INTRODUCTION

he energy sector is currently facing a critical challenge in

meeting the growing energy demand while also reducing
greenhouse gas emissions and mitigating the impacts of climate
change. The transition towards low-carbon energy sources has
become a pressing issue, requiring a comprehensive approach
that includes the deployment of renewable energy technologies
and their integration into existing energy systems. The energy
transition is a complex process that involves multiple stake-
holders, including governments, utilities, industry, and consum-
ers, and requires significant investments in new infrastructures
and technologies.

Power system planning is a crucial component of the energy
transition and plays a vital role in determining the capacity, lo-
cation, and interconnection of power generation as well as
transmission and distribution assets. The primary goal of power
system planning is to ensure a reliable and cost-effective energy
supply while taking into account the energy mix, system flexi-
bility, and security of supply. The process of power system
planning involves minimizing investment and operation costs,
balancing the conflicting objectives of reducing greenhouse gas
emissions, increasing the use of renewable energy sources, and
maintaining system reliability and operation security.

Renewable energy sources, including wind, solar, and hydro-
power, are crucial elements of the low-carbon energy transition.
These sources are anticipated to fulfill a substantial portion of
the world's future energy demand. However, the integration of
renewable energy sources into the existing energy systems pre-
sents a complex and formidable challenge, necessitating signif-
icant changes to current infrastructure and technology. A pri-
mary obstacle in integrating renewable energy sources is their
variable and uncertain nature. To address this issue, the devel-



opment of new technologies and strategies is essential for ef-
fectively managing the integration of renewable energy into the
power system.

One method of power system planning involves adopting a
centralized model, wherein a single organization takes respon-
sibility for both planning and operating the power system. This
approach has been used in many countries and demonstrates its
effectiveness in providing a reliable and cost-effective energy
supply. However, this approach also has its limitations, as it
may exhibit bureaucratic tendencies, display slow responsive-
ness to fluctuating market conditions, and potentially restrict
the involvement of new participants in the energy sector.

An alternative approach involves adopting a decentralized
model in which numerous stakeholders participate in the plan-
ning and operation of the power system. This method offers
more flexibility and responsiveness to evolving market condi-
tions and enables the inclusion of new entrants in the energy
sector. However, the decentralized model also presents chal-
lenges, such as the potential for a fragmented energy market and
the difficulty of coordinating actions among multiple actors.

Integrating renewable energy sources into existing energy
systems necessitates the development of innovative technolo-
gies and strategies for managing their incorporation into the
power system. For instance, energy storage systems can be em-
ployed to store surplus energy generated by renewable sources,
which can later be utilized to meet energy demand during peri-
ods of high load demand and low renewable energy generation.
Additionally, advanced control systems can facilitate the inte-
gration of renewable energy sources into the power system by
regulating the flow of energy between these sources and the en-
ergy grid.

The development of smart grid technology is a crucial aspect
of the low-carbon energy transition and the integration of re-
newable energy sources into an existing power system. Smart
grids are designed to offer increased flexibility and responsive-
ness to evolving market conditions, enabling the efficient and
cost-effective incorporation of renewable energy sources into
the power grid. Moreover, smart grids facilitate the integration
of energy storage systems, advanced control systems, and other
essential technologies for seamlessly incorporating renewable
energy sources into established power systems.

In summary, the low-carbon energy transition and power sys-
tem planning are intricate and demanding tasks that necessitate
the involvement of multiple stakeholders, as well as the devel-
opment of advanced technologies and strategies. The energy
transition is a vital component in combating climate change and
calls for substantial investments in new infrastructure and tech-
nology. In this review, we thoroughly analyze the drivers, chal-
lenges, and pathways toward energy transition and low-carbon-
oriented power system planning from political, technological,
and societal perspectives. Furthermore, we examine the meth-
odologies employed in state-of-the-art works to address low-
carbon power system planning.

Il. DRIVERS OF LOW-CARBON-ORIENTED ENERGY TRANSI-
TION

The low carbon-oriented energy transition is a critical aspect

of the global response to climate change and the associated en-
vironmental risks. The need for this transition is driven by the
increasing demand for energy and the associated greenhouse
gas emissions, which are major contributors to climate change.
In this paper, the drivers of the low carbon-oriented energy tran-
sition will be analyzed from four aspects, i.e., policy, legislation,
technology, and financial support.

A. Policy and Legislation

Policy and legislation play a significant role in driving this
transition by creating an enabling environment for the deploy-
ment of renewable energy technologies and reducing the use of
non-renewable energy sources.

Carbon pricing mechanisms, such as carbon taxes and cap-
and-trade systems, are among the most effective policy tools for
encouraging the reduction of greenhouse gas emissions [1].
Carbon taxes put a price on carbon emissions and provide a fi-
nancial incentive for reducing emissions [2], while cap-and-
trade systems set a limit on the amount of carbon emission that
can be released into the atmosphere and allow companies to
trade emissions allowances [3], shown as Fig. 1. The cap-and-
trade system is also known as the emission trading system
(ETS), which has been put into operation in some countries and
regions around the world, including the European Union Emis-
sions Trading System (EU ETS) [4] and the Regional Green-
house Gas Initiative (RGGI) in the United States [5]. Both of
these mechanisms create a financial incentive for concerned en-
tities to reduce their carbon footprint and transition to low-car-
bon energy sources. However, the effectiveness of these sys-
tems has been the subject of much debate, and there are ongoing
discussions about how to improve and expand their impact.
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Fig. 1. Carbon trading scheme.

Renewable energy targets are another important policy tool
for driving the low-carbon energy transition. Renewable energy
targets set a goal for the proportion of energy that must come
from renewable sources, such as wind, solar, and hydropower
[6]. This helps to create a stable and predictable policy environ-
ment that is conducive to investment in renewable energy tech-
nologies. According to [7], formulating proper renewable port-
folio standards can effectively increase the share of renewable
energy power, lead to renewable resource diversity, and further
control emissions. Renewable energy targets also help to drive
innovation and encourage the development of new technologies
as companies compete to meet the target. However, it is argued
that the future energy infrastructure we build may also bring
negative effects, such as reduced biodiversity due to land-use
change [6].




The low-carbon energy transition is also driven by interna-
tional cooperation and collaboration. Governments around the
world are working together to promote the deployment of re-
newable energy technologies and reduce greenhouse gas emis-
sions. This includes the negotiation of international agreements,
such as the Paris Agreement [8], which sets a global target for
reducing emissions and provides a framework for international
cooperation on climate change.

B. Technology

The rapid development of renewable energy technologies,
such as wind, solar, and hydropower, has made it possible to
integrate these technologies into existing power systems [9].
Offshore wind and floating solar technologies have the poten-
tial to generate large amounts of electrical energy, making them
suitable for large-scale deployment. They also have the ad-
vantage of being located away from densely populated areas,
reducing the potential for conflicts with other purposes of land
use. The increasing affordability and efficiency of these tech-
nologies, combined with the declining cost of energy storage,
has made it possible to store excess energy during periods of
high generation and use it during periods of high demand or low
generation. This helps to overcome the variability of renewable
energy sources by smoothing the intermittent renewable energy
outputs and allows for a more stable and reliable power supply
[10].

The smart grid is another key technology for enabling the in-
tegration of renewable energy sources into existing power sys-
tems. The smart grid represents a modernized electrical grid,
which makes a conventional grid more controllable and greener,
as well as improves the delivery of power. The present revolu-
tion in communication systems, particularly stimulated by the
internet, offers the possibility of much stronger monitoring and
control capability throughout the power system, and hence,
more effective, flexible, and lower-cost operation [11]. The
smart grid provides an opportunity to transform electrical
power systems through the implementation of new Information
and Communication Technologies (ICTs). The realization that
ICT can play a significant role in modernizing the management
of electrical networks has coincided with the understanding that
reducing carbon emissions in the power sector can only be
achieved cost-effectively with proper monitoring and control.
Furthermore, various factors have now converged to generate
interest in the smart grid.

Some new technologies for reducing energy consumption
have also played a critical role in driving the low-carbon energy
transition. Energy efficiency technologies, such as building in-
sulation [12] and efficient lighting [13], help to reduce energy
consumption and lower greenhouse gas emissions.

The development of new technologies and business models
has also driven innovation and investment in the low-carbon
energy transition. For example, community energy projects and
peer-to-peer energy trading have created new opportunities for
investment and the deployment of renewable energy technolo-
gies [14, 15].

C. Financial Support

Financial support drives the low-carbon-oriented energy
transition by providing the resources necessary for the develop-
ment and deployment of renewable energy technologies. Gov-
ernments and private organizations have introduced a range of
financial incentives to encourage investment in renewable en-
ergy technologies. Tax credits and subsidies are two of the most
common financial incentives [16]. Tax credits provide a direct
reduction in the amount of taxes owed, while subsidies, as men-
tioned before, provide direct financial support for the develop-
ment and deployment of renewable energy technologies. Sub-
sidies for renewable energy technologies are also a critical pol-
icy tool for driving the low-carbon energy transition. Subsidies
provide financial support for the development and deployment
of renewable energy technologies, making them more afforda-
ble and accessible [17]. For example, the government provides
subsidies to individual PV investors when their PV systems are
installed by estimating the total emission reduction within the
life span of the devices. This helps to overcome the initial costs
associated with the deployment of renewable energy technolo-
gies and encourages the widespread adoption of these technol-
ogies. However, when the number of end-users with distributed
renewable energy increases dramatically, the value of subsidies
becomes a heavy financial burden to the local government.
Hence, renewable energy certificates (RECs) are designed to
reduce direct subsidies from the government. With the REC
mechanism, electricity consumers actively subscribe to green
power [18]. Some companies and organizations will purchase
RECs to demonstrate their commitment to using renewable en-
ergy and reducing their carbon footprint so that their interna-
tional reputation can be promoted [19]. Both of these financial
incentives help to overcome the initial costs associated with the
deployment of renewable energy technologies and encourage
the widespread adoption of these technologies. The develop-
ment of new financial instruments, such as green bonds, has
also played an essential role in attracting investment in the low-
carbon energy sector. Green bonds are issued specifically to fi-
nance projects with environmental benefits, such as renewable
energy projects [20].

In addition to financial incentives, governments and private
sector organizations have also introduced financing mecha-
nisms to support the low-carbon energy transition. This in-
cludes the establishment of dedicated funds and financing insti-
tutions, such as the Green Climate Fund, which provides financ-
ing for low-carbon energy projects in developing countries [21].

The growth of the renewable energy sector has also created
new investment opportunities for private investors. Renewable
energy projects, such as wind and solar farms, offer the poten-
tial for long-term, stable returns, making them attractive invest-
ment opportunities for private investors.

I1l. CHALLENGES OF Low-CARBON-ORIENTED ENERGY
TRANSITION AND POWER SYSTEM PLANNING
A. Socio-economic Challenges

One of the largest challenges for the low-carbon-oriented en-
ergy transition and power system planning is the cost involved.



The transition to a low-carbon power system can be expensive,
particularly in the short term. This can present a challenge for
governments and private organizations, who must find the re-
sources to finance the transition. Therefore, looking for a proper
transition roadmap [22], where the investment portfolio and
construction plan should be properly designed, becomes essen-
tial.

The economic challenge is a segment in the energy trilemma,
i.e., energy security (risk), energy sustainability (environment),
and energy affordability (cost) [23]. The development of a reg-
ulatory framework that supports the transition to a low-carbon
power system should fully consider the energy trilemma. Bal-
ancing these three priorities is a huge challenge, as they often
conflict with each other. For example, increasing energy secu-
rity may require the use of non-renewable energy sources that
have negative environmental impacts. The deployment of the
energy storage system for mitigating intermittent renewable en-
ergy power output to ensure energy security will inevitably in-
crease the financial budget. The energy trilemma highlights the
need for integrated, long-term planning and decision-making in
the energy sector to ensure that energy security, sustainability,
and affordability are all given due consideration [24]. It also
highlights the need for a transition to a more sustainable power
system, which relies on renewable energy sources and energy
efficiency and minimizes the negative impacts of energy pro-
duction and use.

Besides, the deployment of renewable energy technologies,
such as wind and solar farms, can sometimes be met with re-
sistance from local communities, who may have concerns about
the visual impact of these technologies or the potential loss of
land and property values. This can present a challenge for gov-
ernments and private organizations, which must engage with lo-
cal communities and address their concerns.

The transition to a low-carbon power system can also present
challenges for employment and skills, as the energy sector
shifts from traditional energy sources to renewable energy tech-
nologies. This can require the retraining and upskilling of work-
ers in the energy sector.

B. Technical Challenges

Some of the key technical challenges are detailed below.

Integration of renewable energy sources: The integration
of renewable energy sources, such as wind and solar, into exist-
ing energy systems can present technical challenges, such as the
variability of renewable energy sources and the need for energy
storage solutions. These challenges must be addressed in order
to ensure a stable and reliable energy supply. According to [25],
the integration of variable renewable energy brings challenges
in balance, quality, and flow. The balance problem results from
insufficient short-term generation [26], insufficient long-term
generation [27], insufficient firmness of variable renewable en-
ergy [28], and inaccurate forecast of the variable renewable en-
ergy output [29]. These growing inequalities between supply
and demand are mainly caused by changes in the generation mix,
which contains growing variable renewable energy generators
with limited dispatch-ability. Besides, the integration of renew-
able energy may also jeopardize the power quality, including

increased flicker [30], stepping up harmonic distortions [31],
unstable shutdown at blackout [32], and increasing excursion at
local voltage [33]. The increased flicker and stepping up har-
monic distortions are mainly caused by electronic power invert-
ers of the variable renewable energy generators, and it will af-
fect the life span of the equipment at end-users. Also, the inte-
gration of renewable energy will result in changes in power
flow patterns, such as bi-directional power flow in the distribu-
tion network [34]. The inadequate preparation for such changes
will result in a shorter lifetime or damage to transmission equip-
ment and distribution, as well as increasing loss.

Grid stability: The integration of renewable energy sources
into existing power systems can also impact grid stability. The
cause of the stability problem is the modularity of the variable
renewable energy (VRE) generator and the synchronization of
the generator. The power grids face increased stabilization
breaches, dispatch or limitations due to stability apprehension
[25]. The stability problem includes frequency stability, voltage
stability, transient stability, and dynamic stability. Apart from
these conventional stability problems, the large-scale renewable
penetration may further cause new stability issues, such as elec-
tromechanical-like low-frequency oscillation, electromagnetic
wideband oscillation, and new large-disturbance instabilities
[35]. The reasons that cause these stability problems mainly in-
clude the insufficient supply of reactive capacity [36], reducing
short-circuit current [37], reducing inertia [38], weak immunity
to frequency and voltage deviations (failure to manage fre-
quency travel limits, diminishing reserves of frequency control
and insufficient synchronization of the voltage trip limits) [39,
40], resource intermittency [41], etc. To further solve the stabil-
ity problem, it requires the development of new technologies,
such as smart grid systems, to manage the integration of renew-
able energy sources into existing power systems.

Energy storage: Energy storage solutions, such as battery
storage and hydro pump, play an important role in the system
with high penetration of renewable energy, as they allow for the
storage of excess energy generated during periods of high re-
newable energy generation and its use during periods of low
renewable energy generation [42]. The battery energy storage
system (BESS) is believed to be promising for its fast response
to provide various services, such as frequency regulation [43].
However, at the current stage, the BESS is still very expensive
in its investment and maintenance process, making it challeng-
ing to achieve cost-effectiveness. Apart from the BESS tech-
nology itself, the BESS management strategy also becomes a
critical aspect to be focused on. Due to the lifespan of the bat-
tery, the BESS management strategy should consider the bat-
tery degradation cost [44] and state-of-health (SOH) [45], re-
ducing the capacity and efficiency. Further considering the bat-
tery health, the second-life usage of the BESS becomes a new
topic to be discussed [46]. Besides, to integrate the BESS into
the current power grid, the control systems and communication
networks also face updates.

Interconnections: The interconnection between the renewa-
ble power system and the current system is another key tech-
nology. The interconnections include the connection between



transmission networks and distribution networks [47], the mi-
crogrids and main grid [48], as well as the electricity network
and the other integrated networks [49]. As the use of renewable
energy sources grows and new transmission and distribution
technologies are developed, there has been a trend toward con-
necting multiple electric power grids around the world. This has
resulted in complex systems with multiple energy grid connec-
tions, a mix of AC and DC transmission/distribution networks,
and the presence of multiple power producers and market enti-
ties. These changes have had a significant impact on the topol-
ogy and stability of the system.

Cybersecurity: The integration of renewable energy sources
into existing power systems requires advanced control and
communication system to support, which arouse the cybersecu-
rity problem [50]. Lack of cybersecurity technologies will lead
to the data theft of sensitive information and cyber-attacks, in-
cluding false data injection and Denial of Service (DoS) attacks
[51]. These problems will compromise the security and stability
of the system and even cause the paralysis of the whole system.
Therefore, ensuring the security of the power system is critical
for the success of the low-carbon energy transition. To address
these cybersecurity risks, cybersecurity risk assessments, en-
cryption, blockchain technologies, and incident response plans
can be formulated [52].

C. Environmental Challenges

Another practical challenge to realize the power system tran-
sition is environmental challenges, considering land use, biodi-
versity, resource depletion, water use, and waste management
[53].

The deployment of renewable energy technologies, such as
wind and solar farms, can impact land use, particularly in areas
where there is limited available land [54]. The deployment of
renewable energy technologies can also impact biodiversity,
particularly if they are deployed in areas of high biodiversity
value. This can require the careful planning and management of
renewable energy projects to minimize their impact on the en-
vironment and local ecosystems.

The production of renewable energy technologies, such as
wind turbines and solar panels, can also impact resource deple-
tion, as they require the use of finite resources, such as metals
and minerals [55, 56]. This can require the development of sus-
tainable resource management practices and the use of recycled
materials in the production of renewable energy technologies.

The production of some renewable energy technologies, such
as hydropower, can also impact water use, as they require large
amounts of water for their operation. This can require the care-
ful management of water resources and the use of alternative
technologies, such as wind and solar, in areas where water is
scarce [57].

The end-of-life disposal of renewable energy technologies,
such as wind turbines and solar panels, can also impact the en-
vironment, as they require the safe disposal of waste materials
[57]. This can require the development of effective waste man-
agement practices and the use of recycled materials in the pro-
duction of renewable energy technologies.

IV. PATHWAYS FOR LOW-CARBON-ORIENTED ENERGY TRAN-
SITION AND POWER SYSTEM PLANNING

A. Technological Pathways
1) Renewable energy technologies

Renewable energy technologies, including wind, solar, hy-
dropower, and geothermal, are critical for the transition to a
low-carbon power system. These technologies can help to re-
duce greenhouse gas emissions and increase the use of clean
and sustainable energy sources. The deployment of renewable
energy technologies can also help to increase energy security,
as they are not dependent on finite fossil fuel resources. In fu-
ture pathways for low-carbon-oriented power system planning
and energy transition, the development of distributed renewable
energy resources is the main trend. In the current research, the
integration requirement and control method for the distributed
generators (DGs) from renewable energy sources have been fo-
cused on [58]. These methods are established to ensure grid sta-
bility, including voltage stability, frequency stability, voltage
ride-through (VRT), power quality, and active and reactive
power regulations [59]. The placement and sizing problems of
the DGs from renewable energy sources (RESs) are usually
solved through an optimization approach by using analytical
approaches, intelligent search methods, heuristic methods, iter-
ative methods, and gradient and second-order methods [60].
When formulating the operation and planning strategies of the
DGs, the uncertainty problem of the RESs should be taken into
consideration.
2) Energy storage

Energy storage solutions, such as battery storage, are critical
for the integration of renewable energy sources into existing
power systems. It helps to ensure a stable and reliable energy
supply by providing voltage and frequency regulation services,
even during periods of low renewable energy generation. BESS
has some advantages over conventional energy sources, which
include fast and steady response, adaptability, controllability,
environmental friendliness, and geographical independence,
and it is considered as a potential solution to the global warming
problem [61]. For the BESS planning and operation optimiza-
tion problem, the objective function is usually designed from
the view of BESS cost [10], BESS capacity and lifespan [62],
and power quality [63], considering the constraints of charging
and discharging limits, capacity limits, state-of-charge (SOC)
balance, SOC limits, and environmental constraints. Apart from
the conventional stationary BESS, the mobile energy storage
system (MESS) is a new technology in the current literature
[64]. In recent years, with the process of transportation electri-
fication, the concept of mobile power sources has emerged.
Compared with stationary energy storage systems (SESS), the
mobility of mobile power sources enhances its capability of tap-
ping into multiple value streams that have spatiotemporal vari-
ability, which in turn improves its asset utilization and poten-
tially its value proposition [65]. Hence, the dispatch strategy of
mobile power sources has become an emerging and promising
topic [66].
3) Smart grid

Smart grid technologies are developed for the integration of



RESs and ESS into existing power systems. Smart grid systems
allow for the efficient and effective management of the power
system by enabling the real-time monitoring of energy genera-
tion and consumption. The regarding technologies include In-
ternet-of-things (10Ts), cyber-physical systems (CPS), Energy
Internet (EI), etc. The 10T refers to a network of physical de-
vices, vehicles, home appliances, and other items embedded
with electronics, software, sensors, and connectivity, which en-
ables these objects to collect and exchange data [67]. The loT
allows physical objects to be connected and controlled remotely
across existing network infrastructure, creating opportunities
for more direct integration between the physical world and
computer-based systems, leading to improved efficiency, accu-
racy and economic benefit. Some common applications of loT
in smart grids include smart homes with loT-enabled devices,
such as smart thermostats, smart locks, and smart lighting, Ad-
vanced Metering Infrastructure (AMI) that can provide real-
time data on energy consumption, distribution automation de-
vices such as loT-enabled sensors and control systems, 0T-en-
abled vehicles that can collect and exchange data on driving
patterns, traffic conditions, and vehicle performance, and etc.
CPS, on the other hand, refers to systems that integrate phys-
ical processes with computer-based systems and networks, en-
abling the real-time control and monitoring of physical pro-
cesses, as shown in Fig. 2. In the context of smart grids, CPS
can be used to improve the operation and management of the
power grid, enabling real-time control and monitoring of the
power grid and enabling the integration of advanced communi-
cation and information technologies with physical processes
[68]. The 10T provides the connectivity and data collection ca-
pabilities that enable smart grids, while CPS provides the ad-
vanced control and monitoring capabilities that improve the ef-

ficiency, reliability, and sustalnablllty of the power system.
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Fig. 2. Smart grid structure from the view of the cyber-physical system.

The El refers to a conceptual framework for the future of the
power system, in which the traditional centralized power gen-
eration and distribution model is replaced by a decentralized,
interconnected network of energy producers and consumers

[69]. The EI aims to create a more flexible, efficient, and sus-
tainable power system, enabling the integration of renewable
energy sources, energy storage, and energy-efficient technolo-
gies [70].

4) Electrification

Electrification is a key technological pathway for low-car-
bon-oriented power system planning and transition. It involves
increasing the use of electricity in various sectors, such as trans-
portation, heating, and industry, as a means of reducing green-
house gas emissions. The idea behind electrification is that elec-
tricity can be produced from low-carbon sources, such as wind,
solar, and hydropower, and that electric vehicles, heat pumps,
and other electric technologies are more efficient and emit less
carbon compared to their fossil fuel counterparts.

Transportation electrification has been hotly discussed and
widely investigated [71]. Electric vehicles (EVs) have attracted
increasing attention as green transportation. To ensure the pop-
ularization of EVs in future transportation systems, sufficient
EV energy supplement infrastructures should be invested [72].
Despite the fact that EVs do not emit pollutants while driving,
their increasing demand for electricity may result in an increase
in emissions from the electricity system if more fossil fuels are
used to meet the growing demand. Fast charging stations (FCSs)
also contribute to emissions. While EVs can reduce per-kilome-
ter petroleum use [73], this does not necessarily equate to a re-
duction in carbon emissions, which require additional efforts.
In regions where coal-based power is dominant, hybrid electric
vehicles (HEVs) are a better option for reducing CO2 emissions
compared to plug-in hybrid electric vehicles (PHEVS) or bat-
tery electric vehicles (BEVs). However, HEVs do not interact
with the power grid and refuel with gasoline like traditional in-
ternal combustion vehicles. The improved fuel efficiency of
HEVs leads to reduced emissions. This study focuses on mod-
eling BEVs and PHEVs and finds that in regions dominated by
coal power, the emission reductions achieved by EVs are lim-
ited. The increasing demand for electricity from EVs tends to
increase emissions from fossil fuel-fired power generators.
Thus, the future trend is to run EVs on zero- or low-carbon elec-
tricity [74]. The comprehensive study of overall emissions in
both transportation and electricity systems requires collabora-
tion between the electricity distribution network and transpor-
tation system planning [75].

However, electrification also presents challenges for power
system planners and policymakers. For example, the increasing
EV charging demand may put pressure on the grid, requiring
investments in new transmission and distribution infrastructure.
The access of large-scale EVs to the grid using a disorder charg-
ing strategy will jeopardize the electricity services of power
systems, such as voltage deviation and extra power loss, espe-
cially during peak hours. Therefore, a coordinated EV charging
strategy is essential to transportation electrification and low-
carbon-oriented power system planning [76]. To deal with these
problems, off-peak charging, valley-filling charging, and smart
charging were proposed [77, 78]. Individual EV power capacity
is too small to affect the entire system operation. Therefore, it
is necessary to aggregate EVs to make them compatible as a
concise collection of power ramping controls. The aggregated



EVs can provide regulation services [79].
5) Interconnection

The future power grid is a sustainable, smart and complex
grid, which contains multiple sub-systems. With the penetration
of DGs from RESs and BESS in the distribution network, the
conventional passive distribution network is transformed into
the active distribution network (ADN). The interconnection be-
tween the ADN and the transmission network is critical for the
efficient operation of the power system. The ADN provides
real-time data on local energy demand and generation, enabling
the transmission network to adjust its operations to meet the
changing demand. At the same time, the transmission network
provides the necessary capacity to support the integration of re-
newable energy sources into the ADN. The interconnection be-
tween the ADN and the transmission network also enables the
integration of distributed energy resources, such as rooftop so-
lar panels and energy storage systems, into the overall power
system, improving the reliability and sustainability of the power
system. Considering the interaction between the transmission
system and ADN can formulate a solution that maximizes the
total social welfare can be selected from several available alter-
natives for the line expansion as well as fossil-fuel and renew-
able-based generator expansion at both system levels [80].

Microgrids also play a critical role in the integration of re-
newable energy sources into the overall power system, improv-
ing the reliability and stability of the power grid. By operating
locally, microgrids can reduce energy transmission losses and
improve the efficiency of the power system. In addition, mi-
crogrids can provide greater energy security and resilience, en-
abling communities to continue to access energy even in the
event of natural disasters or other disruptions to the main power
grid. The interconnection between microgrids and the main grid
requires advanced AC/DC, DC/CD and AC/AC energy conver-
sion technologies.

Besides, the interconnection between multiple energy net-
works, such as electricity, heating, and gas, makes the whole
system more complex. This type of system enables the efficient
and sustainable use of energy resources, improving the overall
efficiency, flexibility and sustainability of the power system.
As a clean fuel source, natural gas plays an important role in
achieving a low-carbon economy in the power industry. Owing
to the uncertainties introduced by the increasing utilization of
natural gas in electric power systems, gas systems and power
systems should be planned in an integrated manner [81]. When
considering these two systems simultaneously, there are many
emerging difficulties, e.g., increased system complexity and
risk, market timeline mismatch, overall system reliability eval-
uation, etc. [82, 83].

6) Cybersecurity

Apart from the interconnection between physical networks,
the interconnection between communication networks and the
physical systems in a CPS is also essential to ensure the opera-
tion of the complex system. As the power system becomes in-
creasingly interconnected and reliant on advanced technologies,
such as smart grid systems, the risk of cyber-attacks and data
breaches increases, posing a threat to the stability and reliability
of the power system. To ensure the security of the power system,

it is important to implement robust cybersecurity measures.
Several relevant technologies should be focused on. First, se-
cure data management involves protecting sensitive energy data,
such as energy generation and consumption data, from unau-
thorized access and tampering. Second, secure communication
networks should be developed to implement secure communi-
cation networks, such as encrypted communication protocols,
to protect energy data and control systems from cyber-attacks.
Third, a cybersecurity risk assessment should be conducted to
identify and assess the risks posed by cyber-attacks and imple-
ment measures to mitigate these risks. Fourth, training and ed-
ucation should be provided to power system employees on cy-
bersecurity best practices, including secure data management
and secure communication protocols. Fifth, cybersecurity inci-
dent response should be designed to respond to a cybersecurity
incident, including identifying the source of the attack and re-
storing the power system to normal operation.

B. Market-Based Pathways
1) Carbon pricing

As mentioned, carbon pricing mechanisms provide a finan-
cial incentive for reducing greenhouse gas emissions by putting
a price on carbon emissions. To control the emissions produced
by primary energy consumption, such as coal, a quota is allo-
cated to each thermal generator to restrict its annual carbon
emission. Some generators can finish the task, and they can sell
surplus quotas, while other generators cannot fulfill the mission
and must buy extra quotas. In the literature, the carbon market
and carbon trading have been studied. The relevant topics in-
clude the trading mechanism [84], emission permit allocation
[85], and low-carbon economic dispatch considering carbon
trading [86]. In recent years, individual carbon trading behav-
iors in deregulated markets have also come into people’s sight
[87]. However, the current ETS still has some limits to be
solved. The marginal cost of coal-fired generators is very low,
and they tend not to care about the carbon emission tax, so they
buy massive quotas to ensure the output [19]. This phenomenon
betrays the originally established intention of ETS. Second, ac-
cording to the findings, the carbon tax tends to be transferred
from the upstream to the end-users through the carbon-inte-
grated locational marginal electricity price [88]. Therefore, the
generators lose incentives to develop sustainable technologies.

Itis important that while emissions are created from the burn-
ing of fossil fuels at power plants, it is the actions of end-users
that ultimately drive these emissions [89]. As such, it is neces-
sary to view carbon emissions from the perspective of demand
rather than simply looking at their production at power genera-
tors. To address this, a double carbon taxation mechanism has
been proposed [23, 90], which would impose a tax on both the
supply and consumption of carbon emissions. This approach,
similar to the concept of double taxation in economics, assigns
responsibility for emissions to all parties involved. For instance,
many light industrial products are manufactured in developing
countries but consumed in developed countries, leading to de-
bates over who should pay for the carbon cost. The actual emis-
sions take place in developing countries, but it is the demand of
developed countries that is the root cause, and the "virtual"



emissions cannot be ignored [91]. This same principle applies
to the power sector, where the long chain of energy generation,
transmission, and distribution can make it difficult to clearly
link incentives to consumers. To address this, it is crucial to
price carbon emissions from generation to end-users, providing
the proper incentives across multiple sectors and allowing con-
sumers to be charged for their responsible carbon emissions
[92].

In the energy transition process, carbon market-based power
system planning should be focused on. Considering the emis-
sion trading in the power system can better reveal the impact of
carbon policy on power sectors, and it facilities a smooth and
reliable energy transition.

2) Renewable energy certificates

In addition to limiting the output of non-renewable power
plants, promoting the use of renewable energy is another way
to reduce emissions. One tool that has been used to achieve this
is RECs, also known as green certificates or green tags. These
certificates are used to verify that a certain amount of electricity
was generated using renewable energy sources. One certificate
represents one megawatt-hour of renewable energy. Renewable
energy generators sell these certificates, while electricity con-
sumers are the original buyers. However, after the electricity is
brought onto the grid, it becomes impossible to distinguish re-
newable energy from conventional energy. This means that
consumers cannot choose to consume only renewable energy,
but they pay extra money to support its production and take on
social responsibility. The downside of this is that consumers do
not receive any direct benefits from purchasing RECs, which
can limit motivation to subscribe to these certificates in some
countries, such as Australia. However, the research regarding
renewable energy certificates is limited. In ref.[93], it is men-
tioned that the RECs mechanism is a kind of renewable energy
support policy. In ref.[94], as a government incentive, RECs
can contribute to the rapid development of renewable energy.
Ref.[95] reveals the evolution of the RECs supporting scheme
for promoting renewable energy in Romania. However, there is
no quantitative model and analysis on how RECs benefit renew-
able energy plants and the overall emission. Ref.[96] points out
that REC trading can relieve the government's financial burden
by reducing the expenditure of subsidization of renewable en-
ergy. To verify the effectiveness of the RECs, the development
of renewable energy and economic benefits under different car-
bon policies are investigated. Ref.[97] analyzed the tradable
RECs market, where renewable energy investors receive certif-
icates based on their production and sell RECs to retailers. The
retailers are required to purchase in an amount proportional to
their total sales. Ref.[98] proposed a multi-objective dynamic
economic emission dispatch model for wind-solar-hydro power
under tradable RECs. Considering the consumers lose motiva-
tion to purchase RECs, ref. [19] proposed a mechanism to com-
bine RECs and ETS, which provides a mechanism for organi-
zations to offset their emissions by purchasing certificates rep-
resenting the generation of renewable energy. This helps to in-
crease the deployment of renewable energy technologies, as or-
ganizations can meet their emissions reduction targets by pur-
chasing RECs, rather than reducing their own emissions.

3) Energy efficiency programs

Improving energy efficiency in the residential sector has,
therefore, become a critical issue for environmental sustainabil-
ity. Energy efficiency technologies and practices help to reduce
energy consumption and greenhouse gas emissions by reducing
the amount of energy required to perform a given task. Many
energy efficiency programs have been launched to encourage
customers to invest on more efficient domestic appliances and
promote energy conservation behaviors [99].

Demand response (DR) is an energy efficiency program that
aims to manage electricity demand by incentivizing consumers
to reduce their energy usage during times of high demand [100].
The goal of DR is to reduce the strain on the energy grid and
prevent blackouts or brownouts caused by high demand. DR
programs typically use a combination of pricing signals and di-
rect incentives, such as rebates or credits, to encourage consum-
ers to reduce their energy usage during times of high demand
[101].

DR can be divided into two categories: incentive-based DR
programs and price-based DR programs. Incentive-based DR
programs offer financial incentives to end-users, who are then
expected to respond to DR signals [102]. These programs can
be further divided into direct load control and load curtailment.
Direct load control allows the system operators to manage end-
users' appliances remotely [103]., and it has been shown to be
an effective tool for mitigating supply-demand imbalances in
integrated power systems [104]. Load curtailment, on the other
hand, only allows the system operator to cut off the end-users'
supply during emergencies [105]. Ref. [106] pointed out that
load curtailment is an effective control strategy against voltage
instability. Although incentive-based DR can be an effective
way to reduce network operation costs and address stability is-
sues, it can also result in privacy and comfort concerns for end-
users.

Compared with incentive-based DR programs, price-based
DR programs are more flexible. The electricity usage profiles
are stimulated by different electricity price signals, such as
time-of-use (TOU) price [107], real-time price (RTP) [108],
and critical peak price (CPP) [109]. The end-users schedule the
controllable loads to earn maximum welfare by responding to
the price signals actively [110]. In order to integrate widely
spread controllable resources, different prosumers are aggre-
gated to form collusion to earn the largest benefits [111]. Con-
sidering the different price elasticity of the customers, the indi-
vidualized pricing strategy is designed for each customer to en-
sure the energy efficiency of the whole society [112, 113].

In the low-carbon-oriented power system planning and en-
ergy transition, the DR capability at the demand side should be
fully taken into consideration since the integration of demand
response and power system planning can lead to a more flexible
and efficient power system and reduce the need for inefficient
duplication of investments. By leveraging the flexibility of de-
mand, the power sector can better accommodate the integration
of renewable energy sources and reduce the need for fossil fuel-
based generation, leading to a more sustainable and low-carbon
power system.



4) Green bonds

The green bond pathway can play an important role in sup-
porting low-carbon-oriented power system planning and energy
transition. Green bonds are a type of debt instrument that can
be used to raise capital for investment in environmentally
friendly projects, such as renewable energy, energy efficiency,
and sustainable transportation.

By providing issuers with a clear and transparent process for
issuing green bonds, the green bond pathway can help attract
more investment into low-carbon-oriented power system plan-
ning and energy transition projects. This can accelerate the de-
velopment of renewable energy and energy efficiency technol-
ogies, reducing the reliance on fossil fuels and helping to miti-
gate the effects of climate change. Issuance of green bonds
(GBs) is valuable for developing countries because it provides
a market deepening mechanism, which enables greater liquidity
for investments in the renewable energy sector.

In addition, the green bond pathway can also play an im-
portant role in increasing transparency and accountability in the
financing of low-carbon-oriented power system planning and
energy transition projects. This can help to build trust among
investors and other stakeholders, leading to increased invest-
ment and more rapid progress towards a low-carbon, sustaina-
ble power system. Ref. [114] investigated the features of green
bonds, which investors prioritize as preferential for renewable
energy financing. The findings illustrated that low-interest rates,
similar payback periods, economic convenience and transpar-
ency issuance are among the top preferential features for feasi-
ble green bond rollouts.

5) Distributed electricity market

Distributed electricity markets or local electricity markets are
evolving rapidly, driven by the global imperative to decarbon-
ize and democratize energy systems. With the rise of renewable
energy sources and advancements in technology, we've seen a
shift from centralized energy systems to more decentralized
ones. This review delves into the dynamics of local electricity
markets, focusing on the renewable energy market and peer-to-
peer (P2P) trading.

The emerging of the local energy market allows the DERs to
be traded locally within the distribution level. In the U.S., a
green energy market, where distributed renewable energy and
uncertain energy can be traded, is established [115]. In the
Netherlands, a trading platform is established, where customers
can trade self-generated energy with peers [116]. Therefore, the
development of the local energy market is a promising trend.
Ref. [117] proposed a bidding strategy for an autonomous smart
transactive agent in the local energy market and introduced met-
rics and criteria for evaluating the bidding strategies. Ref. [118]
proposed a systematic approach to derive the optimal bidding
strategy for prosumers in a distribution-level energy market. In
the local energy market, more data are generated from the
prosumer side, like load profiles of EVs and ESS and energy
transactions data. However, most of the data of the prosumers
are not transparent, and the information is asymmetric. The con-
ventional trading strategies are no longer suitable for the local
energy market. Hence, some references further focused on the
market trading behaviors in an information asymmetry context

[119].

With the development of advanced Information and commu-
nication technologies, P2P energy sharing has emerged under
the background of the sharing economy and is believed to be an
essential technique in the next-generation energy market [120].
For example, in [14], both capacity and energy sharing between
the coordinator who manages the shared ESS and the prosumers
who borrow the capacity and energy from the coordinator were
integrated via the proposed credit-based sharing model. In [14],
the time accumulation effect has been considered via the pro-
posed credit points, which could better reveal the essence of the
sharing economy. In other words, the process of sharing is em-
phasized with a return of the shared capacity and shared energy.
In a deregulated or regulated P2P energy-sharing market, a
prosumer can share its excess energy with other prosumer in
peers. Peer-to-peer energy sharing is considered an effective
way to enhance the flexibility, locality, and diversity of the en-
ergy supply and demand while reducing the levelized cost of
energy and carbon emission. Moreover, from the perspective of
the grid, large benefits can be gained from P2P sharing in terms
of reducing peak demand, lowering operation and investment
costs, and enhancing system reliability and stability.

C. Regulatory Pathways
1) Renewable energy standard

Renewable energy standards require organizations to gener-
ate a minimum percentage of their energy from renewable en-
ergy sources. These standards provide a regulatory framework
for the deployment of renewable energy technologies and help
to increase the use of clean and sustainable energy sources. Re-
newable energy standards can take different forms, such as re-
newable portfolio standards and quotas. Renewable portfolio
standards require a certain percentage of electricity generated
by a utility or state to come from renewable sources and are
commonly used in the United States. Quotas are similar to re-
newable portfolio standards but specify an absolute amount of
renewable energy that must be generated rather than a percent-
age of total energy production.

However, it is important to note that the design and imple-
mentation of renewable energy sources can have a significant
impact on their effectiveness. For example, weak renewable
sources that set low targets or provide insufficient financial in-
centives are unlikely to drive significant renewable energy de-
ployment. Effective renewable energy sources should be de-
signed to support the development of renewable energy tech-
nologies at all stages, from research and development to com-
mercial deployment.

2) Energy efficiency standard

Energy efficiency standards are policies that set minimum
performance requirements for energy-using products, build-
ings, and industrial processes, with the goal of reducing energy
consumption and greenhouse gas emissions. Energy efficiency
standards require organizations to adopt energy efficiency tech-
nologies and practices. Energy efficiency standards also have
different forms. For example, building energy codes: These set
minimum energy performance requirements for new and reno-
vated buildings and can include requirements for insulation,



heating and cooling systems, and lighting. Appliance and
equipment standards are another type of form. These set mini-
mum energy efficiency requirements for products such as re-
frigerators, air conditioners, and lighting fixtures. On the other
hand, industrial energy efficiency standards set energy effi-
ciency requirements for specific industrial processes, such as
refining or chemical production.

Energy efficiency standards can have a significant impact on
reducing energy consumption and emissions as they drive the
production and use of more energy-efficient products and tech-
nologies. They can also help to create a market for energy-effi-
cient products and services, which can drive innovation and
cost reductions.

However, it is important to note that energy efficiency stand-
ards need to be regularly updated to reflect technological ad-
vancements and changes in energy consumption patterns. They
also need to be effectively implemented and enforced to ensure
that they have the desired impact.

3) Net metering

Net metering provides a regulatory framework for the inte-
gration of renewable energy sources into existing power sys-
tems [121]. Under a net metering arrangement, the customer's
meter measures the difference between the electricity they con-
sume from the grid and the electricity they generate and feed
back into the grid. Any excess electricity is credited to their ac-
count, and they can use these credits to offset their future elec-
tricity consumption. Net metering can play a critical role in pro-
moting the deployment of small-scale renewable power sys-
tems, such as rooftop solar panels. Allowing customers to offset
their electricity consumption with their own generation can re-
duce their electricity bills and provide a financial incentive for
renewable energy deployment.

However, it is important to note that the design and imple-
mentation of net metering policies can have a significant impact
on their effectiveness. For example, policies that set low limits
on the size of the renewable power systems that can participate
or that pay low rates for excess electricity may not provide suf-
ficient incentives for renewable energy deployment.

4) Feed-in tariff (FIT)

Feed-in tariffs, on the other hand, provide financial incen-
tives for renewable energy generation by guaranteeing a fixed
price for the electricity generated[122]. Under a FIT program,
renewable energy generators receive a set price per unit of elec-
tricity generated. This provides a financial incentive for renew-
able energy deployment, as it allows the generator to earn a
profit from their investment [123].

However, it is important to note that the design and imple-
mentation of FITs can have a significant impact on their effec-
tiveness. For example, FITs that set low prices or provide insuf-
ficient financial incentives are unlikely to drive significant re-
newable energy deployment [124]. Effective FITs should be de-
signed to support the development of renewable energy tech-
nologies at all stages, from research and development to com-
mercial deployment [122]. Considering the benefits of the
prosumers under a FIT scheme are relatively marginal, some
types of new market structures emerge, such as the local energy
market at the community level [117], the energy sharing market
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[15], the peer-to-peer trading market [125], etc. These market
structures can be further classified as community-based markets
(an operator is required), decentralized markets (no operator),
and composite markets [120]. The emergence of these local en-
ergy markets allows the DERs to be traded locally within the
distribution level [126]. Participating in these markets can earn
higher benefits for the prosumers with DGs. In the U.S., a green
energy market, where distributed renewable energy and uncer-
tain energy can be traded, is established [115]. In the Nether-
lands, a trading platform is established where customers can
trade self-generated energy with peers [116]. Therefore, the de-
velopment of LEM is a promising trend.

V. MATHEMATICAL MODELING TECHNIQUES

A. Low-carbon-oriented Power System Modeling\

Power system planning has received a lot of attention in the
academic community. Optimal network expansion has always
been one of the most important issues in power system plan-
ning, referring to a comprehensive analysis to determine the
time, location, and type of adding new facilities to facilitate eco-
nomic, secure and reliable operations of power systems. In
terms of the mathematical models used, the research can be di-
vided into two categories: static and dynamic. In the static
model, the planning of new transmission lines and generators is
based on the expected electricity demand at the end of the plan-
ning period. On the other hand, the dynamic model takes into
account changes in electrical power demand and the evolution
of the electrical system over time, making it a more flexible ap-
proach. Thus, more factors can be taken into account, such as
annual load growth, inflation rate, environmental changes, pol-
icy, etc. The goal of planning is to minimize the total cost of the
electrical system, including the cost of constructing new infra-
structure and operating the system. To achieve this, various al-
gorithms and techniques, such as linear programming and heu-
ristic methods, have been proposed to solve the optimization
problem. The choice of method depends on the specific require-
ments of the planning problem. Overall, planning is a crucial
aspect of electrical engineering as it helps to ensure the reliabil-
ity and efficiency of the electrical system.

Different from conventional power system planning, low-
carbon-oriented power system planning requires further consid-
eration of the process of designing and developing a power sys-
tem that prioritizes the use of low-carbon sources of energy and
minimizes greenhouse gas emissions. The goal of low-carbon
power system planning is to transition towards a more sustain-
able and environmentally friendly energy mix. Therefore, in the
mathematical models, it should further take carbon constraints
or carbon trading into account. Some references consider the
retirement of coal-fired power plants (CFPPs) in the planning
problem. In [127], a rigorous mathematical model was pre-
sented considering generation expansion and retirement plan-
ning. The stochastic programming considered the random out-
age of the generators, and the simulation results found that the
retirement option was beneficial to the power system's reliabil-
ity. In [128], the retirement of the aging generators and the re-
habilitation problem were mathematically formulated. It



pointed out that rehabilitation can also be an economical option.
In [129], a mathematical model aiming at electricity network
expansion and CFPPs retirement targeting low-carbon energy
transition was presented. The mathematical model considered
carbon tax and carbon trading of thermal generators as environ-
mental factors. In [130], the early retirement of CFPPs was fo-
cused in the context of the renewable energy transition and an
energy transition roadmap was proposed based on average car-
bon reduction cost. Table | provides a classification of existing
publications.
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1) Renewable Energy Integrated Planning

In the effort to combat climate change, renewable energy is
seen as a crucial component in the transition to a more sustain-
able energy mix. Carbon-oriented power system planning must,
therefore, focus on integrating renewable energy sources effec-
tively. As mentioned previously, the uncertainties associated
with renewable energy are a major challenge in power system
planning, particularly in the area of low-carbon-oriented plan-
ning. In this section, a thorough and in-depth review of planning
for the integration of renewable energy will be provided.

TABLE |
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The increased use of renewable energy sources will make the
power system more complex. The variability inherent in renew-
able energy sources results in a deviation between energy gen-
eration forecasts and actual energy output, which makes it chal-
lenging to maintain a balance between supply and demand in
real-time with limited storage and backup capacity [152]. To
address this issue, it is becoming increasingly important to in-
tegrate flexible energy technologies to enhance the flexibility
of the power system. The traditional power system planning
problem must be adapted to incorporate the integration of re-
newable energy, which involves changes to the objective func-
tions, constraints, and uncertainty analysis [153].

In the objective function, it is important to not only consider
the investment cost but also the environmental cost [154]. As
renewable energy sources are expected to play a larger role in
power generation, the corresponding objective function must
also be updated. The most common approach is to maximize
the share of renewable energy in the power generation portfolio,
such as maximizing the share of renewable energy in power
generation [155] or maximizing the contribution of renewable

energy to peak load [156]. Some studies also focus on minimiz-
ing excess wind and solar power [157], minimizing the backup
generation and transmission capacity, and minimizing the addi-
tional reliability requirements of variable renewable energy. As
a result, the single objective function may be expanded to a
multi-objective function, which takes into account investment
cost, environmental impact, and system reliability.

In addition to the conventional power balance, capacity ex-
pansion, generation and transmission, and fuel supply con-
straints found in traditional power system planning, the con-
straints in renewable energy integrated planning may also in-
clude policy constraints, particularly regarding carbon policy
[158]. The carbon emissions from thermal power generators
may be limited by government-mandated emission reduction
targets. Additionally, some countries have set a goal for the in-
tegration of renewable energy, often in the form of a renewable
power rate constraint, as part of their strategy to address climate
change and energy [159].

The uncertainty analysis in the context of low-carbon-orien-
tated planning has been discussed in the literature. Two com-



monly used methods, stochastic optimization and robust opti-
mization, have been proposed [160]. Stochastic optimization in-
volves using representative scenarios with specific probabilities
to address the uncertainties in renewable energy integrated
planning. While this approach can improve the planning solu-
tion, it can also reduce computational efficiency, especially
when the number of scenarios is large. To overcome this, ad-
vanced scenario generation technologies are necessary to effec-
tively select and reduce the number of representative scenarios.
On the other hand, robust optimization deals with uncertainties
by using parametric bounds. The robust optimization approach
provides planning solutions that remain optimal even in the
worst-case scenario, but the plans may be overly conservative.
In recent years, with the advancement of machine learning and
deep learning technologies, more sophisticated tools have been
employed to model the uncertainties of renewable energy. For
instance, some studies have proposed using machine learning
for solar power generation prediction (e.g., [161]), using Bayes-
ian neural networks for behind-the-meter PV generation esti-
mation (e.g., [162]), and using nonparametric Bayesian meth-
ods based on the Dirichlet process mixture model to estimate
the distribution of wind farm generation (e.g., [163]). These
data-driven methods can be used to improve the accuracy of the
uncertainty model in renewable energy integrated planning.

2) Energy Storage Planning

Energy storage planning, including BESS planning, is a cru-
cial new technology that can regulate the output of renewable
energy sources in the electricity network. The planning of
BESS location and size is a significant part of low-carbon-ori-
ented power system planning. However, there is a need to ex-
plore how to effectively integrate BESS into the power system.
The overall objective function of the BESS planning is also
minimizing the total cost, which includes the cost of construct-
ing new infrastructure, battery degradation cost, operating the
system, and mitigating environmental impact. In the constraints,
besides the network's physical constraints, the BESS system
should also meet the energy demand and operate within the ca-
pacity and SOC constraints. In some problems, the mathemati-
cal formulation should also consider the BESS’s participation
in the electricity market, such as arbitrage behaviors and
providing ancillary services. In refined modeling, the complex
lifetime and efficiency function require modeling. In compari-
son to traditional technologies used in generation expansion
planning (GEP), the lifespan of Energy Storage Systems (ESS),
such as batteries, is significantly impacted by the numerous cy-
cles they undergo, and their efficiency is dependent on various
complex factors, resulting in highly nonlinear models. Despite
the importance of modeling the lifespan in terms of cycling and
the efficiency of BESS, this area of research is limited. How-
ever, it is crucial to accurately model these factors to avoid un-
derestimating the costs associated with BESS.

Ref. [164] focused on the net present value (NPV) of saving
and optimizing the capacity of the battery. Ref. [165] not only
solved the sizing of the batteries at all the electricity nodes in
the distribution system but also considered the voltage regula-
tion and peak load shifting in the cost-benefit function. Besides,
the aging of the batteries is considered as a cost that is linear to
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the discharging circle. Ref. [166] chose the total cost of the sys-
tem as the objective function to solve the planning of siting,
sizing, and rated power of the batteries. Ref. [167] proposed a
planning and control strategy for BESS where the maximum
profit can be reached by providing the primary frequency regu-
lation service. Ref. [168] utilized game theory to solve the plan-
ning of a hybrid power system comprised of wind turbines,
PVs, and batteries. With more and more DERS emerging in the
distribution system, the uncertainties cannot be neglected. In
[169], the Monte Carlo method and stochastic scenario method
were synthetically applied to realize the stochastic planning of
energy storage systems. In [170], an energy storage planning
model considering the chance-constrained optimization with
non-parametric probability functions has been proposed, which
eliminated the dependency of uncertainty factors on statistics
and modeled the probability distribution of irregular shapes.
Because of the uncertainties in the system, the security and sta-
bility of the power grid have been challenged. Ref. [171] fo-
cused on the location planning of centralized energy storage and
distributed energy storage from the perspective of grid stability.
In [172], a two-stage stochastic optimization model was pro-
posed to solve the planning of the BESS, and a load-shedding
strategy was considered to improve the stability of the system.
In [173], a hierarchically optimal allocation of battery energy
storage system was proposed, where the sitting of the BESS was
solved based on voltage violation risk in the first stage, and the
sizing was solved in the second stage.

Apart from BESS planning, the ESS’s diversity needs to be
addressed, including fixed or mobile, centralized or distributed,
etc. The portfolio of different types of ESS to enhance the net-
work flexibility and economy is promising future work.

3) Integrated Network Planning

An integrated energy network, also known as a multi-energy
network, is a strategy for finding environmentally responsible
and cost-effective solutions that balance energy supply and de-
mand [174]. It aims to support long-term sustainability by in-
corporating cutting-edge energy conversion technologies like
power-to-gas (P2G). The multi-energy network primarily en-
compasses electricity networks, gas networks (natural gas or
hydrogen), and heat networks. The energy infrastructure in this
system is responsible for producing, transforming, and trans-
porting energy and includes network facilities (electricity feed-
ers, gas pipelines, and heat networks), energy conversion units
(such as boilers, gas power plants, P2Gs, heat pumps, and co-
generation plants), and energy storage devices (such as batteries,
gas tanks, heat tanks, and chemical storage). In terms of net-
work modeling, different types of networks share some similar-
ities and differences [175]. The driving force behind electricity
network modeling is voltage gaps, whereas thermal and gas net-
works are based on pressure gaps. These differences in driving
forces lead to variations in modeling, with electricity networks
modeled using nonlinear power flow and simplified by linear-
ized technologies [176]. Gas network modeling is based on
nonlinear compressible flow, while thermal network modeling
is based on conservation equations. A linearization approxima-
tion method has been proposed to simplify gas flow modeling



in ref. [177]. The summary of the modeling structure, conver-
sion mode, and storage devices in the literature is presented in
Table II.

4) Coordinated Planning with the Transportation Network

The increasing use of EVs has created a connection between
electricity networks and transportation networks. This coupling
relationship is typically established at the charging points for
EVs, as depicted in Fig. 3. This is because the charging of EVs
is a significant demand on electricity networks, and charging
points are placed within transportation networks to take ad-
vantage of traffic patterns.
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In a modern, advanced smart grid, the multi-networks will
not only involve the single connection described above but may
also involve multiple connections. For instance, when thinking
about the efficient scheduling and management of EV charging,
the relationship between the information network, electricity
network, and transportation network must be considered, as il-
lustrated in Fig. 4. In this framework, both the traffic situation
and the electricity network will be monitored. Based on this
monitoring, the charging platform will offer drivers appropriate
charging schedules that satisfy their charging needs while min-
imizing traffic congestion and wait times and reducing the load

TABLE Il
CLASSIFICATION OF EXISTING PUBLICATIONS RELATED TO INTEGRATED POWER SYSTEMS
Structure Energy conversion mode Storage

Ref. CHP CCHP P2G to electricity to heat to gas BESS TES HES NGS
[178] 4| A A ] “
[179] 4| A ]
[180] 4| 4] A ]
[181] 4| A A ] “
[182] 4| A A
[183] 4] 4] A ] ]
[184] o o
[185] 4] 4| 4] A |
[186] 4] 4] A ] “
[187] 4] A A ]
[188] 4| 4] ] ] A A
[189] 4| 4] A ] ] |
[190] 4| 4] M ] ] ] o

on the electricity network.
To this end, it can be concluded that the transition and plan- o Rc;_i‘:{:-&\:iul

ning of future smart grids is a multi-network science. As a result,
current references aim to model and examine these interconnec-
tions and establish coordination between the multiple networks.

In the literature, the collaborative planning models of EV
FCSs, transportation systems, and distribution systems were
well studied. The EV FCSs are expected to capture the largest
traffic flows in the transportation network [191]. The electricity
network is planned to support the physical connection between
the FCSs and the electricity network [192]. Thus, FCSs become
coupling points between the electricity and transportation net-
works, and the two types of networks become intensely corre-
lated [75].
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Fig. 3. System structure of coupled electricity and transportation networks.

After properly modeling the coupling relationship between
the electricity network and the transportation network, the sit-
ting and sizing problem of the charging stations should be
solved through the optimization problem [191]. The related
mathematical model includes the charging model, the probabil-
istic modeling of the arrival time and charging demand, the bat-
tery degradation of EVs, etc. [193]. To ensure the quality of the
charging service, the queueing model is applied to estimate the
waiting time [194]. In the energy transition process, the number



of EVs will increase dramatically to take the place of conven-
tional gasoline vehicles. Therefore, the planning model should
fully consider if sufficient charging facilities are invested [195].
Furthermore, the reliability and risk model will be utilized to
assess the impact of EV penetration on the electricity network
[80]. In the context of low-carbon-oriented power system plan-
ning, FCS planning is an important aspect to consider. The goal
is to integrate clean energy sources and reduce the carbon foot-
print of the transportation sector. For example, the FCS can be
powered by renewable energy resources.
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B. Al-assisted solutions

1) Machine-learning-assisted computation method

The data-driven methods have been given extensive attention
in recent years and applied to tasks in different fields. One merit
of the data-driven methods is that they are spurred on by real
data rather than being driven by mere intuition or personal ex-
perience. Thus, they are more practical with fewer assumptions
or simplified models involved, which motivates us to employ
them hereby for dealing with the planning problem.

The traditional method of optimization based on models re-
quires information about the mathematical models and param-
eters of a system. However, some of these parameters may not
be readily available in real-world scenarios [196]. To address
this issue, data-driven approaches can be used to help make de-
cisions in the operation of the smart grid by analyzing power
flow, calculating gas flow, and modeling thermodynamic be-
havior, among others [197]. These conventional models have
nonlinear characteristics, making it challenging to optimize
their behavior [198]. For instance, in data science, the steady
state of a power system can be seen as a high-dimensional vec-
tor in a hyperspace, while the nonlinear AC power flow models
describe a nonlinear hyperplane that the vector lies on. The goal
of machine learning methods is to identify the relationship be-
tween decision variables and relevant state variables. For exam-
ple, the relationship between power injection at each bus and
power flow and voltage can be determined through regression
analysis for power flow analysis [10]. Similarly, the relation-
ship between the power of thermostatically controlled loads and
indoor temperature can be determined through regression anal-
ysis for thermodynamic behavior modeling. These processes do
not require knowledge of system parameters.
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A data-driven approach is used to address the stochastic op-
timization issue in power system planning. Machine learning
tools, such as convolutional neural networks (CNN), are uti-
lized to capture the nonlinear features of the system's steady
states [151]. These neural networks are trained using historical
and generated data without relying on prior knowledge of the
system parameters, making it possible to solve the problem of
unknown parameters in mathematical models. This learning-
based method has a higher level of accuracy compared to the
traditional model-based approach. Additionally, the use of data-
driven methods in optimization reduces the computing time, as
it replaces the calculation of massive state variables, power
flow constraints, voltage constraints, and other nonlinear con-
straints.

In real-world applications, data sets can often be incomplete
due to various reasons, such as sampling errors and communi-
cation delays. These missing data can have a negative impact
on the accuracy of the trained model. To address this issue, a
generative adversarial network (GAN) can be used to deal with
the common problem of missing data in practical applications
[199]. Compared to other supervised learning algorithms, such
as CNN, long short-term memory (LSTM), and Bayes linear
regression, GAN can reduce the impact of missing data on ac-
curacy. Thus, the use of the modified GAN improves the feasi-
bility of the proposed learning and optimization integrated
method in practical applications.

Based on the learning result, a hybrid learning and optimiza-
tion framework can be put forward. Based on data-driven power
system analysis and future network condition prediction, a low-
carbon-oriented power system planning strategy is designed.
This part of the work creates a new research paradigm to utilize
machine-learning technologies in the power system planning
problem. The learning-based algorithms bring new perspectives
in addressing complex system problems effectively and effi-
ciently. The theoretical models will guide a trustworthy design
of the low-carbon energy transition. Cost savings can be real-
ized in the energy transition of the power systems associated
with more accurate and efficient modeling. The optimal transi-
tion pathways identified for integrated energy networks will re-
duce the need for inefficient duplication of investments. Pro-
gressing world-class science in energy economics and complex
system modeling theories will boost the nation's recognized and
emerging intellectual leadership in energy sustainability.

2) Bayesian-based learning to model the uncertainties

The uncertainties are critical problems that will affect the
planning results in low-carbon-oriented power system planning,
and the uncertainty level has been increasing in recent years. As
mentioned, scenario-based stochastic optimization and robust
optimization are applied to deal with uncertainties. However,
conventional methods have their limits. The first one is compu-
tationally inefficient, and the latter one can be over-conserva-
tive.

Bayesian-based learning is a type of machine learning that
incorporates Bayesian probability theory to model uncertainty
in predictions. In Bayesian-based learning, Bayesian learning
uses Bayes' theorem to determine the conditional probability of
a hypothesis given some evidence or observations, allowing for



more nuanced and informed predictions. This approach pro-
vides a way to incorporate prior knowledge, capture uncertainty
in model parameters, and update beliefs based on new data.

One popular example of Bayesian-based learning is Bayesian
linear regression, where the parameters of the model are treated
as random variables with prior distributions. These prior distri-
butions are updated as new data is collected, resulting in poste-
rior distributions that represent the updated beliefs about the pa-
rameters.

Another example is Bayesian neural networks, where the
weights of the network are treated as random variables with
prior distributions. This allows for capturing uncertainty in the
model predictions, as well as providing a way to regularize the
model and prevent overfitting.

The nonparametric Bayesian framework based on the Di-
richlet process mixture model (DPMM) and variational Bayes-
ian inference is a useful tool for dealing with uncertainties in
power systems. The DPMM is a flexible, nonparametric model
that allows for the estimation of parameters of underlying dis-
tributions in a data set. The variational Bayesian inference is a
scalable approximation method that can be used to perform
Bayesian inference in complex models, such as the DPMM.
Then, based on DPMM, a dynamic data-driven probabilistic op-
timal power flow algorithm can be developed when solving the
planning problem [200].

Additionally, Bayesian-based learning can be incorporated
into robust optimization. The DPMM can be used to create a
data-driven approach for defining the uncertainty set. A study
has proposed a data-driven adaptive nested robust optimization
approach that combines the DPMM with adaptive robust opti-
mization through a four-level optimization framework [177].
This data-driven approach accounts for the correlation, asym-
metry, and multi-modal nature of uncertainty data, resulting in
less conservative solutions. The proposed framework is also ro-
bust to both variations in parameters and anomalous measure-
ments.

3) Deep-reinforcement learning (DRL)-based method to
model the behaviors of market entities

The DR-based power system planning is critical to the future
energy transition [201]. In other words, the low-carbon-oriented
power system should further consider the individual response
to the planning scheme to avoid over-investment [202]. To this
end, a refined and efficient model should be developed. How-
ever, there are some challenges in modeling individuals. Firstly,
the conventional model-based method relies on having
knowledge of information about market participants, but many
parameters are not shared due to privacy concerns, leading to
asymmetric information. Secondly, to overcome the nonlinear
issue in conventional optimization-based methods, the physical
non-convex operating characteristics of prosumers are often ig-
nored in the literature, but this assumption may not be realistic.
Thirdly, conventional model-based methods use stochastic
modeling techniques, but it is challenging to model randomness
accurately. Fourthly, the conventional methods heavily rely on
the optimization process, which is often time-consuming, espe-
cially when the number of decision variables is large. As a re-
sult, these conventional methods may struggle to rapidly adapt
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to changing conditions.

Therefore, DRL methods can be applied to address the above
challenges properly [119, 203, 204]. DRL is a subfield of ma-
chine learning that combines deep learning and reinforcement
learning. Reinforcement learning is a type of machine learning
that focuses on training agents to make decisions in an environ-
ment by maximizing a reward signal [205]. In DRL, deep neural
networks are used to approximate the value function or policy
of an agent. The agent interacts with the environment by taking
actions and receiving rewards, and the neural networks are up-
dated based on the observed outcomes. The combination of
deep learning and reinforcement learning allows DRL to handle
high-dimensional state spaces and complex decision-making
problems [206].

After analyzing the microscopic behaviors of individuals, the
result can be aggregated into a macro-level model, which can
be integrated into a low-carbon planning model [195]. The ag-
gregated macro-level model can present the sensitivity of elec-
tricity demand to the planning schemes. This strategy can be
flexibly adapted to the planning model. With the application of
DRL, the influence of the power system planning schemes on
the electricity usage patterns of end-users can be considered in
the planning model.

4) Comparative analysis

While all Al-assisted methods offer robust tools for tackling
the challenges of low-carbon-oriented power system planning,
their suitability varies based on the specific problem at hand.
Machine-learning-assisted computation is versatile and can be
used where large datasets are available. Bayesian-based learn-
ing is best when uncertainties are dominant, and a probabilistic
perspective is necessary. Lastly, DRL shines in complex deci-
sion-making scenarios where understanding behaviors and in-
teractions is crucial.

For a comprehensive decision, considering the specific re-
quirements of a task and understanding the nature of the data
and environment is vital. All methods, however, underline the
growing importance and potential of Al-assisted solutions in re-
shaping the future of power system planning and the broader
energy sector.

A comparative analysis is shown in Table.

TABLE Il
COMPARATIVE ANALYSIS ON DIFFERENT Al-AsSISTED METHODS.

Methods Machine-learn- Bayesian-based DRL-based Method
ing-assisted Prediction
computation
Model
Focus Data-driven opti- | Modeling uncer- Modeling behaviors
mization tainties of market entities
Core Neural networks Bayesian non-para- | Reinforcement learn-
Technique (e.g., CNN, metric probability, ing (DQN, DDPG,
GAN) Bayesian linear re- etc)
gression, DPMM
Main - with abundant - Systems with sig- | - Behavioral analysis
Application | historical and nificant uncertain- & demand response
generated data ties. - Dynamic decision-
- with complex - Problems needing | making with changing
input-output rela- | a probabilistic un- conditions
tionships derstanding
Benefits - Reduced as- - Informed predic- - Handles high-di-
sumptions tions mensional spaces
- Handles com- - Incorporates prior - Adapts to changing
plexity, non-lin- | knowledge & un- conditions
earities certainty




>
- Reduced com- - Regularization - Integrates micro
puting time and overfitting pre- | and macro behaviors
vention - Addresses asymmet-
- Handling complex | ric information & pri-
distributions vacy
- Continually up-
dated with new
data
Challenges - Requires large - Computationally - Requires a well-de-

datasets for high

intensive for large

fined reward mecha-

accuracy datasets nism
- Can suffer from | - Complex model - Computationally
missing or in- inferences more intensive than

complete data

- Requires a prior

others

- Needs substantial
interaction with the
environment

which might be
subjective

VI. DISCUSSION ON FUTURE ROADMAP

The transition towards a low-carbon energy system is an im-
perative, not just from an environmental standpoint, but also
considering socio-economic and political ramifications. As de-
lineated in this paper, the path to this transition is rife with com-
plexities. Here, we set forth a cohesive roadmap to guide future
endeavors in this direction.

1) Holistic Integration:

Transitioning to a low-carbon energy system is not merely
about adding renewable energy sources to the grid. It's about a
holistic integration where renewable and non-renewable
sources, storage solutions, and demand-response mechanisms
work in harmony. The grid of the future must be intelligent, re-
silient, and adaptive.

2) Technological Advancements:

While renewable technologies have come a long way, con-
tinuous research and development (R&D) is paramount. Efforts
should focus on increasing the efficiency of renewable sources,
advancing energy storage solutions, and enhancing grid con-
nectivity to handle intermittent renewable supply.

3) Socio-economic Considerations:

It’s essential to recognize that the transition will have socio-
economic impacts, including possible disruptions in employ-
ment in traditional energy sectors. Planning must involve skil-
ling programs, community engagement, and frameworks to en-
sure that the transition is just and inclusive.

4) Policy and Regulatory Support:

A shift of this magnitude requires robust policy and regula-
tory backing. This would mean providing incentives for renew-
able energy adoption, crafting supportive tariffs and pricing
mechanisms, and setting clear standards and guidelines for grid
integration.

5) Al and Advanced Modeling:

Traditional models might fall short in predicting the complex
dynamics of a largely renewable grid. Implementing machine
learning and Al can provide accurate predictions, optimize grid
operations, and aid in demand forecasting. This paper's empha-
sis on advanced machine learning-assisted solutions is particu-
larly timely given the data-rich environment of modern power
systems.

6) Market Mechanisms:

The future energy market must be flexible, allowing for peer-
to-peer energy trading, dynamic pricing, and integration of de-
centralized energy sources. Platforms should be developed
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where prosumers can actively participate, trade, and benefit
from the energy transition.
7) International Collaboration:

Climate change is a global challenge, and so is the energy
transition. Collaboration at an international level can facilitate
the sharing of best practices, joint R&D ventures, and the craft-
ing of inter-country energy trade policies.

8) Continuous Review and Feedback:

Given the dynamic nature of technology, markets, and con-
sumer behavior, it's essential to have mechanisms in place for
continuous review. Regular feedback loops, stakeholder con-
sultations, and performance evaluations should be integral com-
ponents of the planning process.

9) Resilience and Security:

With increased digitalization and connectivity, the future
grid must be resilient not just to physical disturbances but also
to cyber threats. Investment in cybersecurity measures, regular
audits, and establishing protocols for threat detection and re-
sponse are crucial.

VII. CONCLUDING REMARKS

In conclusion, the challenges and pathways associated with
low-carbon-oriented energy transition and power system plan-
ning are complex and diverse. This paper offers a review of the
drivers, obstacles, pathways, and modeling technologies related
to low-carbon power system planning and energy transition.
The energy sector is confronted with the challenge of balancing
increased energy access, security, and affordability while sim-
ultaneously reducing greenhouse gas emissions. Overcoming
these challenges necessitates a comprehensive, integrated, and
multi-stakeholder approach.

The creation of low-carbon energy transition roadmaps and
power system planning strategies can provide a framework to
guide this shift toward a more sustainable future. These strate-
gies should account for the unique circumstances and resources
of each country and region, considering a wide array of factors,
such as technological innovations, market trends, and social and
political considerations. Ultimately, the success of the energy
transition hinges on the collaborative efforts of governments,
industry, and civil society working together to achieve a com-
mon objective: a low-carbon energy future.
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