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Abstract

Cities play a vital role in social development, which contribute to more than 70% of global carbon emission. Low-carbon city con-
struction and decarbonization of the energy sector are the critical strategies to cope with the increasingly serious climate change prob-
lems, and low-carbon technologies have attracted extensive attention. However, the potential of such technologies to reduce carbon
emissions is constrained by various factors, such as space, operational environment, and safety concerns. As an essential territorial nat-
ural resource, underground space can provide large-scale and stable space support for existing low-carbon technologies. Integrating
underground space and low-carbon technologies could be a promising approach towards carbon neutrality, and hence, warrants further
exploration. First, a comprehensive review of the existing low-carbon technologies including the technical bottlenecks is presented. Sec-
ond, the features of underground space and its low carbon potential are summarized. Moreover, a framework for the underground space
based integrated energy system is proposed, including system configuration, operational mechanisms, and the resulting benefits. Finally,
the research prospect and key challenges required to be settled are highlighted.
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1 Introduction

In recent decades, the increasing consumption of fossil
fuels results in substantial greenhouse gas emissions.
According to Global Energy Review 2021 published by
International Energy Agency (International Energy
Agency, 2022a), global CO2 emissions related to energy
consumption and industrial process increased by 6% in
2021, reaching a record high of 36.3 Gt per year. The resul-
tant climate change due to the emission of greenhouse
gases is considered a nontraditional global security
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challenge. To this end, more than 130 countries have put
forward their ambitious net-zero emission targets to limit
the global temperature rising within 2 �C above preindus-
trial levels, as specified in the Paris Agreement (Zhang &
Chen, 2022). China has put forward the strategic target
of peaking carbon emissions before 2030 and achieving car-
bon neutrality before 2060 (International Energy Agency,
2021a), known as the double carbon target, has drawn a
grand blueprint for the energy low-carbon transition.

The increase in CO2 emissions from electricity and heat
production in 2021 was substantial, with a rise of over 900
Mt, constituting 46% of the global carbon emission incre-
ment. Therefore, the low-carbon transition of the energy
system paves a significant way for carbon neutrality.
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Renewable energy sources such as wind, solar, hydro, and
bioenergy have gained significant global attention in the
substitution of fossil fuels (Tian et al., 2022). The penetra-
tion of renewables in global electricity production has risen
29%, which reduces the oil consumption (International
Energy Agency, 2022b). Hydrogen is a critical decar-
bonization vector to adjust the energy structure and miti-
gate the carbon emissions in energy consumption
(Hydrogen council, 2021). As a kind of clean secondary
energy, hydrogen can connect and reshape the power,
gas, and fuel market to help the world reach the net-zero
emission target. To balance the mismatch between energy
generation and consumption, energy storage systems are
required. Based on the flexible regulating characteristics,
energy storage systems can significantly reduce renewable
energy curtailment and improve energy efficiency. Inte-
grated energy systems (IESs) coupled with renewable
energy, energy storage systems, and multiple energy con-
version devices have become a critical research topic (Qin
et al., 2019b). The integration of various energy resources
enables IESs to realize comprehensive energy utilization.
However, due to the complex coupled characteristics and
complicated operation conditions, IESs are susceptible to
external disturbances. System resilience against extreme
natural disasters should be enhanced (Li et al., 2022b). Fur-
thermore, limited by the storage space for multiphase med-
ium, the scale of energy storage systems is restricted, which
impairs the flexibility of IESs and leads to the reduction of
comprehensive benefits (Faisal et al., 2018). Therefore, the
large-scale and stable operation space for IESs is necessary
to fully release low-carbon potential.

With the increasing urbanization level, the urban popu-
lation and urban size have grown rapidly. As centers of
economic activity and energy consumption, cities are
responsible for over 70% of global carbon emissions
(Shen et al., 2018). To address the urgent challenges posed
by climate change, the concept of a low-carbon city has
been introduced and widely adopted. The factors including
energy pattern, environment, urban mobility, and social
living are considered in the framework of low-carbon city
(Tan et al., 2017). The construction of low-carbon city pro-
vides a sustainable pattern for social development to
reduce carbon emission without compromising the life
quality of life for urban residents. However, with the dra-
matically growing population density, various problems
such as urban land shortage, traffic congestion, and energy
insufficiency occur frequently (Xie et al., 2021). The devel-
opment of new living spaces is crucial for the successful
implementation of low-carbon city initiatives.

Underground space has been recognized as a valuable
territorial resource that can support the low-carbon city
and energy low-carbon transition (Qian, 2016). In compar-
ison with the aboveground space, underground space
boasts several advantages, such as sound insulation and
isolation, less impact from natural disasters, and lower
environmental pollution (Xie et al., 2021). Given its unique
characteristics, underground space is the most appropriate
location for ground-level equipment relocation and green
ecological space conservation. High-quality underground
public transportation system is constructed to release the
traffic congestion problems, and the underground green
infrastructure system is a promising solution for urban eco-
logical environment modification (Guo et al., 2021; Qian,
2016). Furthermore, underground space plays a crucial role
in ensuring the operation of energy systems and providing
space support for large-scale energy storage systems and
energy conversion equipment ((Chen, Chen, Liu, &
Zhang, 2018; Cui, Broere, & Lin, 2021)). Therefore, IESs
coupled with underground space possess great potential
for promoting both economic and low-carbon benefits,
and they offer alternative approaches for achieving energy
low-carbon transitions.

To explore the coupling pattern of urban underground
space and infrastructure, as well as provide policy sugges-
tion for the low-carbon city development of China, Chinese
Academy of Engineering has established a strategic con-
sulting project: the low-carbon development strategy study
of urban underground infrastructure. The coordination of
urban underground space and electric energy system is one
of the major research issues. Aiming at low-carbon city
development based on the underground space and energy
systems, a framework of underground space based IESs
is proposed in this paper. The low-carbon potential of
underground space is analyzed and the research prospects
are proposed to further investigate the coupling pattern
of urban underground space and energy system. The
remainder of this paper is organized as follows: Section 2
reviews the existing method for energy low-carbon transi-
tion. The role of underground space in IESs construction
and operation is analyzed in Section 3. In Section 4, the
underground space based IESs is proposed and the multi-
energy power flows are formulated. Section 5 concludes
this paper and proposes future research directions.

2 Review of low-carbon technologies

Energy-related CO2 emissions contribute significantly to
the overall CO2 emissions, with a share of around 87%
(UN Environment Programme, 2020). The generation,
transmission, consumption, and storage process of various
energy resources including electricity, heat, hydrogen are
critical for carbon emission reduction and carbon sink
enhancement. To promote the low-carbon transition of
all these four important aspects, National Development
and Reform Commission of China has put forward strate-
gic policy and emphasized the coordination of ‘‘source-gr
id-load-storage”. This section gives a comprehensive review
of low-carbon technologies in these four aspects. Further-
more, the carbon capture and storage (CCS) technology
is also involved in this section as a critical method for car-
bon sink enhancement. Related clean energy technologies
are shown in Fig. 1. Clean energy resources including wind
energy, solar energy, hydropower and nuclear power are
critical support for energy low-carbon transition. To avoid



Fig. 1. Clean energy technologies.
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the clean energy curtailment and promote the balance
between energy generation and consumption in large spa-
tial dimension, advanced electricity transmission networks
are adopted, which can achieve trans-regional energy trans-
mission. Additionally, hydrogen and thermal energy
derived from electricity are crucial to accelerate the clean
energy alternative process and modify energy consumption
structures. To settle the mismatch between fluctuant clean
energy generation and instantaneous energy consumption
in different temporal dimension, various energy storage
systems are adopted, and the operation flexibility energy
systems can be enhanced. The implementation of CCS
technologies is necessary to capture the CO2 emissions of
thermal power plants and fossil fuel consumption and fur-
ther reduce carbon emissions.

2.1 Clean energy generation

With the depletion of fossil fuels and the problem of
environmental pollution, renewable energy resources have
attracted major concerns (Pan et al., 2020). The Interna-
tional Renewable Energy Agency reports that the world-
wide installed capacity of renewable energy has been
consistently increasing over the past two decades, with
China experiencing the most rapid growth in renewable
generation, as shown in Fig. 2 (International Renewable
Energy Agency, 2022b).

Renewable energy sources have gained significant atten-
tion in light of the depletion of fossil fuels and environmen-
tal pollution (Qin et al., 2019a). Among various renewable
energy sources, wind energy has emerged as a key contrib-
utor to the clean energy transition (Sadorsky, 2021). In
China, the National Energy Administration reported that
19.24 GW of wind generators were installed during the first
three quarters of 2022, with 18 GW being onshore wind
generators and 1.24 GW being offshore ones (fourth
quarter online press conference transcript, 2022). Wind
energy has a significantly lower carbon emission intensity
during its entire life cycle, which is around 4.429 g/(kW�h)
compared to traditional fossil plants with 866.3 g/(kW�h)
(Li et al., 2020). Solar energy is the most abundant and
inexhaustible renewable energy resource, which can be con-
verted into electricity through photovoltaic (PV) panels,
with the carbon emission intensity as low as 1.153 g/(kW�h)
(Breyer et al., 2015). Moreover, PV is used in many fields
due to its flexibility, such as building integrated systems,
space stations and marine equipment. In the first three
quarters of 2022, 52.6 GW of PV generation is installed
in China, including 17.27 GW of PV farms and 35.33
GW of distributed PVs. Hydropower is the most widely
used type of renewable energy around the world, which
accounts for about 40% of the total renewable generations.
Through hydropower plants, water potential is converted
into the mechanical energy by rotating turbines, which is
further transformed to electric power by generators
(Singh & Singal, 2017). By the end of September 2022,
the installed hydropower capacity in China reached 406
GW. Nuclear energy is a kind of strategic resource with
high energy density, which is considered as a major oppor-
tunity for zero-carbon development due to the low-carbon
characteristic (International Atomic Energy Agency, 2015).
According to International Atomic Energy Agency, the uti-
lization of nuclear energy has prevented the release of over
60 billion tons of CO2 emissions since 1970, reducing
annual carbon emissions by about 2 Gt (International
Atomic Energy Agency, 2017).

Despite the booming development of renewable genera-
tions, the energy resource centers in China are typically sit-
uated at a distance of 800–3000 km from the load centers
(Shu & Chen, 2018), and the reverse distribution of energy



Fig. 2. The trends of renewable energy installed capacity in China.
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resources and load centers limits the efficiency of energy
use. In addition, the intermittent and fluctuating nature
of renewable energies poses the problem of frequent cur-
tailment of wind and solar energy. Thus, there is a need
to balance the renewable energy generation over a broad
spatial range, which has spurred the development of
long-distance and large-scale electricity transmission.
2.2 Long-distance and large-scale electricity transmission

The regional disparity between power consumption and
energy resources in China poses a challenge to achieving a
balance between generation and consumption. In China,
over 70% power consumption are concentrated in the east-
ern and central areas, while over 80% of coal, hydropower,
wind, and solar energy resource are located in the western
and northern areas. The mismatch in spatial distribution of
resources and load centers highlights the need for advanced
electricity transmission technologies capable of promoting
the balance of power generation and consumption over
large distances, thereby facilitating the integration of
renewable energy resources (Meng et al., 2021). To this
end, China has invested in the development of ultra-high
voltage (UHV) power transmission technology, character-
ized by its long-distance reach, high capacity, and high effi-
ciency, which is viewed as a promising solution for
overcoming the limitations of traditional electricity
transmission.

Raising voltage level is the most efficient approach to
increase electricity transmission capacity, and ultra high
voltage alternating current (UHVAC) is a kind of
resource-saving and environmentally friendly power trans-
mission technology. The advantages of low transmission
loss and small land occupation make UHVAC attractive
in trans-regional electricity transmission (Huang et al.,
2009). In China, the UHVAC technology has been widely
used, and a related transmission network has been estab-
lished. High voltage direct current (HVDC) has advantages
including flexible power controllability, low line construc-
tion cost, and outstanding asynchronous grid interconnec-
tion capability. Therefore, HVDC is suitable in long-
distance and large-scale electricity transmission as well as
trans-regional power grid interconnection (Alassi et al.,
2019). Traditional HVDC systems adopt line commutated
converter (LCC) to achieve AC/DC conversion, and
related LCC–HVDC projects have been put into operation,
such as Zhundong-Wannan ±1100 kV HVDC, Qinghai-
Henan ±800 kV HVDC (Xu et al., 2015b). However,
LCC–HVDC may suffer commutation failures, which will
interrupt the HVDC link (Hong et al., 2020). DVoltage
source converter-based high voltage direct current (VSC–
HVDC), with advantages such as flexible operation, no
commutation failure, and easy connection to AC networks,
has attracted significant attention (Qin et al., 2022).
Futhermore, Zhangbei ±500 kV VSC–HVDC system with
for-terminal network topology has been put into operation,
and servers as a demonstration project to provide guidance
for the application of VSC–HVDC in China (Huang et al.,
2019). The fractional frequency transmission system
(FFTS) is a novel power transmission method with ideal
performance in renewable energy large-scale transmission,
especially offshore wind power transmission. Lower fre-
quency is adopted in FFTS to reduce the electrical length
of transmission lines, and as a result, the transmission
capacity can be expanded several folds (Wang et al.,
2006). However, with the development of electricity trans-
mission system, the AC-DC coupled feature has become
more complex. The large-scale integration of renewable
energy may also lead to various stability problems, which
threatens the stable operation of the power grid (State
Grid Corporation of China, 2020a). Furthermore, with
the increasing demand for trans-regional power dispatch-
ing, transmission lines exposed to the air are easily affected
by meteorological disasters such as thunderstorms, wild-
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fires, and ice damage, which could endanger the large-scale
renewable energy accommodation and the safe operation
of the power grid.
2.3 Clean energy alternative

Besides the low-carbon energy utilization on the produc-
tion side, accelerating the clean energy alternative on the
demand side is also critical for zero-carbon development.
Fossil fuels including oil, gas, and coal stay dominant in
the world’s energy consumption structure (BP plc, 2022).
Electricity substitution can effectively promote energy effi-
ciency since electrical equipment has higher conversion effi-
ciency than the traditional ones (Wu et al., 2019), and
related carbon emissions can be avoided. Therefore, elec-
tricity substitution is the major method to prompt energy
low-carbon transition on the demand side. The application
of electric vehicles, heat pumps, and electric boilers can sig-
nificantly reduce the carbon emission level in some critical
fields such as building, transportation, and industry
(Bernards et al., 2018). In 2016, the National Development
and Reform Commission of China issued the electricity
substitution policy to enhance electrification levels and
reduce air pollution. China has since implemented over
25000 electricity substitution projects in industries such as
steel and foundry, resulting in the substitution of over

1:938� 1011 kW�h of electricity and a reduction of more
than 36.58 million tons of carbon emissions (State Grid
Corporation of China, 2020b).

The transition to clean fuels is a critical strategy to
reduce carbon emissions on the energy demand side,
including the adoption of natural gas and hydrogen. In
particular, hydrogen is essential to achieving the goal of
net-zero emissions by 2050 and limiting global warming
to 1.5 �C. Hydrogen offers several advantages over other
decarbonization methods, such as renewable energy,
nuclear energy, or electricity substitution, as it is the only
long-term, scalable, and cost-effective option for deep
decarbonization in critical sectors, including steel, mar-
itime, aviation, and ammonia (Hydrogen council, 2021).
Compared to other chemical fuels, hydrogen has the high-
est mass-specific energy density, with a lower heating value
(LHV) of 120 MJ/kg and a high heating value (HHV)
range of 142 MJ/kg, respectively (Abdin et al., 2020).
Advantages of utilizing hydrogen as a cleaner alternative
fuel include: (a) no carbon emissions for end-use; (b) diver-
sity of energy sources to drive production processes
(Dincer & Acar, 2015); (c) high flexibility in demand side
including central and local electric power generation, por-
table power, shipping, rail transport, vehicles, and chemical
industries (Li et al., 2022a). The pathway of hydrogen in
energy sector is shown in Fig. 3 (Hydrogen council,
2021). Nowadays, China is the home to about a quarter
of the global ammonia production as well as over half
the global methanol and steel production, which leads to
large hydrogen consumption (International Energy
Agency, 2021b). As a result, China is the largest hydrogen
consumer in the world, with about 24 Mt/a, and is expected
to retain about a quarter of the global hydrogen demand
by 2050 in the 1.5 �C scenario (International Renewable
Energy Agency, 2022a). Nevertheless, challenges remain,
such as secure storage and long-distance transportation,
as well as the need for further research on the coupling pat-
tern of hydrogen and the existing energy system. Further-
more, the clean energy alternative process brings extra
uncertainties to load side, which results in further mis-
match between energy generation and energy consumption.

2.4 Energy storage systems

As the share of intermittent energy resources and elec-
tricity substitution increases, the discrepancy between
energy generation and consumption becomes more pro-
nounced, posing a threat to the security of the power grid.
Energy storage systems are adopted to integrate with vari-
ous resources and cover the imbalance between fluctuated
energy generation and instantaneous energy consumption.
Furthermore, energy storage systems have critical roles in
load shaping and peak shaving, frequency regulation,
damping energy oscillations, and improving power quality
and reliability (Koohi-Fayegh & Rosen, 2020). Energy
storage systems can be categorized based on their storage
medium, including mechanical energy storage, chemical
energy storage, electrical energy storage, and thermal
energy storage (Rahman et al., 2020). A schematic of the
classification of energy storage systems and their related
characteristics is presented in Fig. 4 (Zhang et al., 2016).

The flywheel is a mechanical energy storage system that
converts electric energy to kinetic energy stored in a high-
speed rotational disk. The disk connects to the shaft of
an electric machine and can generate electric power when
energy demands exist (Mousavi-G et al., 2017). Flywheels
have various advantages including high efficiency, fast
response speed, strong instantaneous power, long lifetime,
and environment-friendly features. The application of fly-
wheel in braking energy recovery of electric vehicles has
attracted extensive attention in improving energy efficiency
(Wang et al., 2021a). The kinetic energy of the train during
deceleration can be regenerated by flywheel energy storage
systems and further be used for acceleration. The applica-
tion of flywheels in braking energy recovery for electric
vehicles has received considerable attention in recent years,
with related projects showing promising results, such as the
daily average energy consumption reduction of over
1400 kW�h achieved in the Beijing subway. Additionally,
the application of flywheels has led to improvements in
power quality and a 68% reduction in the changing rate
of tractive power. Pumped hydro energy storage (PHS)
stores electric energy in the form of hydraulic potential
energy by using an electric pump to move water from a
water body at a lower elevation to a higher reservoir.
The advantages of large scale and low operation cost make
PHS suitable for bulk energy storage (Rehman et al., 2015).



Fig. 3. The pathway of hydrogen in energy sector.

Fig. 4. Energy storage system based on power rating and discharge period.
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China has great potential in the development of PHS
thanks to the abundant water resource in Eastern and
South China, as well as the hilly region which provides
height of drop for PHS. According to the medium/long-
term development plan for PHS in China, the cumulated
rated capacity of PHS is 32.5 GW, and the total capacity
of PHS projects under construction is about 55.1 GW
(DOE Global Energy Storage Database, 2022). Com-
pressed air energy storage (CAES) is a large-scale energy
storage technology that uses compressed air injected into
underground caverns to store excess energy, and has been
shown to be suitable for connecting to the power grid
and balancing the effect of intermittent renewable energy
penetration (Budt et al., 2016). Although CAES has an
energy storage scale of hundreds of MW and a working life
of decades, its efficiency, which currently ranges from 42%–
55%, needs to be further improved. To this end, a
50 MW/200 MW�h non-supplementary fired CAES power
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plant has been put into operation in Jintan, Jiangsu pro-
vince, achieving an electric energy conversion efficiency of
over 58% (Tong et al., 2021). However, mechanical energy
storage systems usually require special geological structure
or large space for storage medium, and thus, application of
the mechanical energy storage systems is usually restricted
by the topographic condition.

Chemical energy storage technology includes battery
and hydrogen storage. The battery is a widely used energy
storage technology with advantages of high energy density
and high storage efficiency. Lithium-ion batteries and lead
acid batteries are the most widely used due to their high
specific energy and energy density. Other types include
flow batteries, sodium-sulfur batteries, and nickel–cad-
mium batteries (Hall & Bain, 2008). In China, chemical
energy storage systems have been applied in power grid
to perform multiple functions including frequency modu-
lation and emergency power support. In 2018, the Henan
100 MW grid-side distributed energy storage system was
put into operation, which is the first gird-side energy stor-
age station in China. Furthermore, the Jiangsu
101 MW/202 MW�h distributed energy storage project
was successfully integrated with the power grid and
became the largest grid-side energy storage station in
China (Li & Wang, 2019). Hydrogen, being one of the
cleanest, lightest, and most efficient fuels, has gained con-
siderable attention in recent years for its potential as an
energy carrier (Trifkovic et al., 2013). The traditional
hydrogen storage system consists of a compressor and a
hydrogen tank, typically 350 and 700 bar (Hua et al.,
2011). Besides, hydrogen can be absorbed into porous
networks such as zeolites, metal–organic frameworks,
and some carbon materials, to achieve high-density energy
storage (Preuster et al., 2017). In China, hydrogen storage
systems are usually coupled with renewable generations,
and provide support for green hydrogen production.
Lu’an hydrogen comprehensive utilization project is the
first MW-class hydrogen storage system with functions
including hydrogen production, storage, selling and elec-
tricity generation. In 2022, the Yulin zero-carbon distribu-
tion energy project was put into operation, which
introduced hydrogen to serve as the coupling point for
energy conversion and seasonal energy storage. However,
the efficient operation of chemical energy storage systems
is heavily dependent on safe and stable operating environ-
ments, as external extreme situations can lead to combus-
tion or explosions that can damage the equipment and
surrounding buildings.

The supercapacitor is an electricity storage technology
with high efficiency and long lifetime. Unlike batteries that
store electricity through chemical reactions, supercapaci-
tors utilize surface absorption reactions, enabling them to
deliver power thousands of times faster than batteries of
the same mass, albeit with a lower energy density
(Watanabe et al., 2017). Therefore, supercapacitors have
potential in various areas, such as hybrid vehicles, commu-
nication devices, and uninterruptible power supplies (Raza
et al., 2018). During China’s 13th Five-year Plan period,
the supercapacitor market experienced substantial growth,
expanding from 6.65 billion CNY to 15.49 billion CNY
(Yang et al., 2021). Superconducting magnetic energy stor-
age (SMES) system can store electrical energy in the mag-
netic field generated by the direct current in the
superconducting coil. By cooling the coil below its critical
temperature, the resistance can be minimized, enabling
long-term energy storage to be achieved (Vulusala &
Madichetty, 2018). With the advantages of high efficiency
and long cycle life, SMES can be used in microgrids and
electric vehicles, while the high costs of high-temperature
SMES restrict the wide application (Mukherjee & Rao,
2019). In China, SMES is mainly at the experimental and
demonstrational stage. The first power distribution level
SMES substation demonstration project worldwide was
successfully implemented in Gansu Province, improving
grid reliability, security, power quality, and reducing sys-
tem losses and floor space (Yu et al., 2017).

In response to fluctuating thermal energy demands in
seasonal periods, thermal energy storage systems have
become increasingly prevalent in industrial and building
sectors. Thermal energy storage systems make use of a
specific storage medium to store heat or cold energy, which
can be divided into sensible thermal storage, latent thermal
storage, and thermochemical energy storage (Arteconi
et al., 2012). Sensible thermal storage is a prevalent method
that can efficiently store and release energy through tem-
perature variation of the storage medium. Due to its sim-
plicity and low operational cost, sensible thermal storage
has found extensive applications in solar thermal power
generation and smart homes (Xu et al., 2015a). Latent ther-
mal storage has garnered significant interest in recent years,
where energy storage and release occur through changes in
the phase of storage materials (Ray et al., 2021). Compared
with sensible thermal storage, the storage density and ther-
mal properties of latent thermal storage are more attrac-
tive. Latent thermal storage has garnered significant
interest in recent years, where energy storage and release
occur through changes in the phase of storage materials
(Ray et al., 2021). In China, thermal energy storage
(TES) has undergone five significant advancements, and
large-scale TES systems have been applied in practical set-
tings. A seasonal thermal energy storage project located in
Zhangjiakou was established in 2018 with thermal storage
volume of 3000 m3 (Zhou et al., 2021). However, the energy
loss and land occupation pose critical constraints to TES
implementation, and locating and sizing of TES systems
are further restricted by heat pipe network and heat trans-
mission loss (Alva et al., 2018).

2.5 Carbon capture and storage technologies

CCS is an important issue for reducing carbon emissions
from power plants and other industrial equipment (Jiang,
2011). The CCS process involves extracting and capturing
CO2 from fossil fuels or biomass feedstock and then com-
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pressing it into a dense fluid for transportation to a suitable
location for long-term storage and carbon sink enhance-
ment (Rubin et al., 2012). The post-combustion process is
a typical carbon capture approach that absorbs CO2 from
the fuel gas. For pre-combustion process, the carbon from
fossil fuel is extracted before combustion and converted
into a suitable form for capture, such as synthesis gas.
Related technology can be integrated with a combined
cycle power plant to generate clean electricity. Oxy-
combustion system is being developed as an alternative to
post-combustion CO2 capture for power plants. This sys-
tem utilizes pure oxygen rather than air in combustion,
resulting in the generation of CO2 in high concentrations.
The CO2 can be directly injected into a specific location
to achieve stable carbon storage (Kanniche et al., 2010).

According to Global CCS Institute, 27 CCS projects
around the world have gone into operation in 2021 and
captured carbon of 36.6 Mt annually, which brings the
total developing CCS capability up to 140 Mt, as shown
in Table 1 (Global CCS Institute, 2021). The application
of CCS technology spans various industrial sectors such
as electricity generation, natural gas processing, hydrogen
production, and waste management, contributing to the
net-zero emission target. The main technologies for carbon
storage include CO2-enhanced oil recovery, saline aquifers
and enhanced coal bed methane (Zhang et al., 2022). In
China, the construction of CCS projects generally coordi-
nates with oilfield to increase the oil recovery and reduce
the industry-related carbon emission. Additionally, the dis-
tribution of CCS projects in China is influenced by the bal-
ance between carbon quotas and carbon emissions. Major
CCS projects are concentrated in North and Eastern
China, where developed industrial sectors and high energy
consumption result in insufficient carbon quotas. However,
the large-scale storage of CO2 not only requires huge stor-
age space, but also the impermeability to avoid the leakage.
Further research is required to investigate the coupling pat-
terns of CCS technology with other energy equipment to
fully realize the carbon emission reduction potential of
CCS.

The abovementioned low-carbon technologies have the
potential in reducing carbon emissions or enhancing car-
bon sink from many aspects including renewable energy
generation, clean energy alternatives, flexible energy stor-
age, and long-term carbon storage. However, low-carbon
technologies are difficult to be fully utilized due to the
restrictions of policy, space, technology and other factors,
which can be summarized as follows: (a) the lack of
large-scale storage space for multiphase materials; (b) the
shortage of a stable operational environment for various
Table 1
CCS facilities in 2021.

Operational In construction Advanced d

Number of facilities 27 4 58
Capture capacity (Mt) 36.6 3.1 46.7
equipment; (c) the weakness of the capability coping with
extreme situations. Therefore, it is of great significance to
propose an approach for low-carbon energy development.
3 The low-carbon potential of underground space of China

Underground space refers to the space formed naturally
or artificially in the soil or rock layers below the earth’s sur-
face. Compared with aboveground space, underground
space has advantages including thermal stability, mechani-
cal stability, and isolation of noise, which is a suitable alter-
native for the construction of low-carbon equipment
(Delmastro et al., 2016).

Propelled by the rising level of urbanization, under-
ground space has garnered significant attention globally.
In China, the cumulative developed area of urban under-

ground space has reached 2:4� 109 m2, and the newly built

underground area of 2:59� 108 m2 accounts for 22% of the
total new built urban construction area (Chinese Society
for Rock, 2021). Underground space development has
become a key driver of urban growth. Furthermore, special
underground space resources in China are abundant,
including naturally formed caves, pore spaces, coal mines,

and salt caverns. Presently, around 1:38� 1010 m3 of

mined-out areas, approximately 2:5� 108 m3 of salt cav-

erns, and 1:5� 109 m3 of metal mines, have been identified
as available for large-scale gas storage (Xie et al., 2020).
The abundant underground space resources have been
leveraged to promote the attainment of the ‘‘double car-
bon” objective through the application of related low-
carbon technologies, including underground transporta-
tion and logistics systems, energy generation, energy trans-
mission, as well as underground energy storage.
3.1 Underground transportation and underground logistics

system

Underground transportation and logistics systems have
been recognized as crucial elements of low-carbon cities.
The former typically comprises expressways, rail transit,
underground parking areas, and pedestrian networks
aligned with business districts (Qiao et al., 2019a). On the
one hand, underground transportation system has been
proven to be a promising alternative for alleviating traffic
pressure and increasing road mobility. On the other hand,
underground transportation, especially subway, provides
an eco-friendly trip mode for urban residents, in which case
noise and air pollution can be mitigated and valuable
urban aboveground space can be reclaimed (Cui et al.,
evelopment Early development Operation suspended Total

44 2 135
60.9 2.1 149.3
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2021). The development of underground transportation
systems can lead to significant improvements in the quality
of the urban living environment and promote economic
growth in city centers, as seen in Dallas, US and Hong
Kong, China (Zacharias & He, 2018).

The underground logistics system is a promising
approach for smart and low-carbon goods transportation
in urban areas, aiming at sustainable development (Hai
et al., 2020). Through underground tunnels, goods can be
transported to the terminals of the underground logistics
system, such as business areas, residential areas, and some
logistics nodes. The development of underground logistics
systems can optimize the layout of urban logistics networks
and improve the efficiency and reliability of delivery (Guo
et al., 2021). Furthermore, the occupation of road
resources can be reduced and the carbon emission from
freight vehicles can be mitigated. However, technology
integration presents a technical challenge to the develop-
ment of underground logistics, requiring coordinated
efforts in underground planning, transportation, ware-
house logistics operation, and organization. The coordina-
tion of underground logistics system and current logistics
nodes are also required to establish the urban infrastruc-
ture network, which makes a tight connection with air, rail,
and road transportation system (Guo et al., 2021).

3.2 Underground energy generation

Underground utilities have become a promising solution
to free up aboveground space and improve living condi-
tions, while minimizing the environmental impact (Bicer
& Dincer, 2015). Underground hydro plants are suitable
in situations where aboveground conditions are complex,
including gorges, steep valleys, and possible avalanches
risk. Related underground space based solutions can
reduce the cost and environmental influence (Delmastro
et al., 2016). Based on the favorable rock characteristics,
underground hydro plants have been applied in many
European countries. For example, the 300 MW hydro
plant of Pont-Ventoux is constructed in an underground
cavern with an excavation volume of about 35000 m3

(Delmastro et al., 2016). In China, coal seams usually exist
in groups, and each coalmine consists of multiple workable
seams. The specific geological structure provides support
for the establishment of underground hydro plants with a
suitable height difference and a guaranteed minimum sub-
mergence depth of hydro turbines. According to the esti-
mation analysis of the underground hydro plants
development potential in China (Zhang et al., 2021a), the
total amount of water storage and energy generation in
abandoned and operating coalmines in China is approxi-
mately 7.25 � 106 MW�h.

The geothermal resource is regarded as one of the most
important underground resources. Shallow geothermal
resources located below 10–20 m are capable of being
extracted by ground source heat pumps to supply heat
energy for nearby cities’ building temperature regulation
and greenhouse heating (IREN, 2022). Utilizing under-
ground space for heat pump installation presents an eco-
nomic solution that can be implemented simultaneously
with newly constructed building foundations (Admiraal &
Cornaro, 2016). Furthermore, geothermal power genera-
tion has been regarded as a promising approach for the
centralized utilization of geothermal resource, which has
the utilization rate reaching about 90% (Moya et al.,
2018). In the 13th Five-year Plan of China, the develop-
ment of geothermal power generation has attracted more
attention, and the development goal of adding 500 MW
of installed capacity has been proposed (Xia & Zhang,
2019).

Underground structures offer better natural protection
against environmental elements, including destructive
weather and seismic events (Broere, 2016). Therefore, var-
ious facilities are considered to be relocated underground.
In particular, an innovative underground energy system
has been proposed by Bicer and Dincer (2015) that inte-
grates various technologies, including underground coal
gasification, steam-assisted gravity drainage, syngas-
fueled solid oxide fuel cells, integrated gasification com-
bined cycle, and electrolyzers. The proposed energy system
is used to generate multiple energy directly underground,
including gas, electricity, and hydrogen. Furthermore,
underground electric substations and water treatment
plants have been successfully deployed in the Xiong’an
New Area in China to enhance the aesthetic quality of
the urban environment and ensure the safe and efficient
operation of these devices.

3.3 Underground energy transmission

A district heating network based on underground space
is an effective distribution approach for urban heating
demand. This method involves the transportation of hot
water or steam through the district heating network to
local devices, and it has been identified as a sustainable
approach for space heating and hot water supply in densely
populated areas (Persson & Werner, 2011). The develop-
ment of district heating network started in 1950s in north-
ern China, and large-scale combine heat and power plants
remain the main heat producers, which results in 400 mil-
lion tons of annual coal consumption (Zhang et al.,
2021b). Driven by ‘‘double carbon” target, the clean tran-
sition of heat supply mode has become the critical develop-
ment direction of district heating network. On the one
hand, renewable energy generation systems are considered
to couple with district heating network and supply heat
demand through electric boilers (Xu et al., 2020). On the
other hand, industrial waste heat emitted form large-scale
factories is also an ideal heat resource for district heating
network, which is equivalent around 100 million tons of
coal annually (Wu et al., 2017). Furthermore, district heat-
ing networks can be further combined with geothermal
resources to reduce the consumption of fossil fuels and
improve the energy efficiency.
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Underground pipelines are critical infrastructure for
long-distance energy transmission, including natural gas,
crude-oil, and hydrogen. Natural gas pipelines are widely
used globally as the crucial system connecting gas sources
and market demand (Fan et al., 2022). The successful
implementation of many underground natural gas pipeline
systems such as the West-East Gas Pipeline project and the
China-Central Asia natural gas pipeline project has further
emphasized the importance of underground pipelines for
energy transmission. The underground oil pipeline is the
most economic method for interregional crude-oil trans-
mission, which is typically made from steel or plastic tubes
and buried at the depth of about 1 to 2 m. Underground oil
transmission is also much safer than road or rail due to the
good airtightness and avoiding direct exposure to external
environment (Wang et al., 2021b). China-Russia Crude Oil
Pipeline, 1030 km long and 813 mm in diameter, serves as
an important channel for the energy security of China
(Wang et al., 2019). The pipelines buried in permafrost
regions transmit a large amount of crude oil from Russia
to Northeast China. Furthermore, hydrogen can be
injected into existing natural gas networks and achieve
long-distance energy transportation without expensive
investment in hydrogen networks (Fu et al., 2019). The
mixed gas called enriched compressed natural gas is also
proved to have a higher combustion efficiency. Related
technologies have been applied in practices such as the
HYREADY joint industry project led by DNV GL and
the GRHYD project led by GDF SUEZ (Quarton &
Samsatli, 2018). Given their ability to protect equipment
against natural environmental disasters, long-distance
underground energy facilities have significantly increased
the viability, competitiveness, and security of energy
supply.
3.4 Underground energy storage

With the development of underground space, the poten-
tial of underground caverns in large-scale multiphase mate-
rial storage has been exploited. For example, the
underground structure including salt caverns, mine caves,
and expired wells can be used to store the high-press air
in CAES (Bazdar et al., 2022). A 60 MW CAES based
on salt caverns is constructed in Jintan, Jiangsu, and the
special geological characteristics endow CAES with suit-
able ability for energy regulation (Chen et al., 2016).
Underground Gas Storage (UGS) technology has also been
widely implemented to address the challenges of regional
and seasonal differences in natural gas demand (Zhang
et al., 2020a). Based on the stable properties of under-
ground space, the UGS cavern is regarded as a long-
term, reliable and efficient alternative for long-distance
gas pipelines. The history of UGS construction in China
can track back to 1990s, and as of the end of 2021, 20
UGS systems with a total working gas volume of approxi-
mately 2.61 � 1010 m3 have been established (Zhang et al.,
2020b). The existing UGS projects are usually built based
on salt caverns, and the geotechnical structure is relatively
simple. However, most of the salt rocks in China have bed-
ded structures, which have thinner salt layer, numerous
non-salt interlayers, high content of impurities, as well as
limited total thickness (Liu et al., 2020). To explore the
potential of bedded salt rocks in UGS establishment, sev-
eral demonstration projects in Qianjiang Salt Mine,
Pingdingshan Salt Mine, and Huai’an Salt Mine are under
being planned and constructed (Liu et al., 2018).

Similar to UGS, underground hydrogen storage (UHS)
is established to achieve long-term hydrogen storage based
on the special underground structure (Tarkowski, 2019).
UHS employs two primary geological storage sites: (a) por-
ous media, where the hydrogen is stored in the pore space
of sandstones or carbonate formations; (b) cavern storage,
where the hydrogen is occupied in excavated or solution-
mined cavities in dense rocks. To meet the large-scale
and stable storage need, the high porosity of underground
geologic structures is required to guarantee adequate
capacity for huge gas volumes. Furthermore, sufficient per-
meability is also necessary to inject/withdraw hydrogen at
proper rates. Presently, there are three major storage forms
of UHS including depleted gas/oil reservoirs, aquifers, and
salt caverns (Zivar et al., 2021). The hydrogen stored in
depleted gas/oil reservoirs and aquifers is mainly used to
meet the base load demand for the inflexible operation con-
ditions and uncertain properties. Compared with other
storage options, salt caverns offer an ideal solution for
additional injection/withdrawal cycling throughout the
year (Lord et al., 2014). The operating UHS projects are
summarized in Table 2.

Salt caverns are generally artificial pits in thick under-
ground salt deposits, which are formed by injecting water
into a well in the salt rocks (Lemieux et al., 2019). The
advantages including tightness, mechanical properties,
and resistivity to chemical reactions make salt caverns an
ideal storage choice for gas storage with a leak rate less
than 1%. The frequency of injection and withdrawal cycles
in salt caverns is relatively large, up to 10–12 per year. And
the hydrogen stored in salt caverns can be released within
hours of notification at high delivery rates, which is suit-
able for peak load cycling (Thiyagarajan et al., 2022).
Low storage capacity may restrict the application of salt
caverns, which can be influenced by the depth of caverns.
A higher depth of salt caverns will enlarge the storage
gas volume as well as the need for cushion gas, and related
operational costs will increase. Furthermore, the availabil-
ity also restricts the application of UHS based on salt
caverns.

A depleted gas/oil reservoir is the hydrocarbon-bearing
geological structure that is capped with an impermeable
layer and typically is supported by an aquifer from the bot-
tom or edges. Due to the advantages including well-
identified geological structures, good tightness and integ-
rity of caprock, and the pre-existent aboveground/subsur-



Table 2
The operating UHS projects worldwide.

Name/location Storage type H2 (%) Volume (m3) Depth (m) Pressure (bar)

Clemens Salt cavern 95 580 000 930 70–135
Moss Bluff Salt cavern 95 56 000 822 55–152
Lobodice Aquifer 50 – 430 90
Beynes Aquifer 50 3.3 � 108 430 –
Diadema Depleted gas/oil reservoirs 10 – 600 10
Underground Sun Storage Depleted gas/oil reservoirs 10 – 1000 –
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face infrastructures, depleted gas/oil reservoir is the most
practical and economic UHS method (Tarkowski, 2019).
The abandoned natural gas can be used to the cushion
gas requirement, which can further reduce the operational
cost of UHS. Furthermore, the depleted gas/oil reservoir
can also be used in CCS technology. Through injecting
the captured CO2 into oil field, the extraction rate can be
increased and the CO2 can achieve permanent sequestra-
tion. However, the large amounts of injected gas may have
chemical reactions with residual oil and be converted into
other kinds of hydrocarbons dissolved in the oil, which
become irreversibly lost (Carden & Paterson, 1979).

The aquifer is common in the sedimentary basins, which
is a choice for UHS if salt caverns and depleted gas/oil
reservoirs are unavailable. The conditions required of deep
aquifers for hydrogen storage include: (a) good reservoir
characteristics of host rock and (b) the availability of an
impermeable layer to prevent migration of hydrogen. The
amount of cushion gas required in aquifers may be as high
as 80% of the total reservoir volume, which is higher than
the amount required in depleted gas/oil reservoirs (Natural
Gas Supply Association, 2007). Due to the lack of infras-
tructure and information about geology, the construction
cost of UHS based on aquifers is higher than depleted oil/-
gas reservoirs (Thiyagarajan et al., 2022). Furthermore, the
uncertainties in the hydrogen long-term storage process
caused by complex geological properties and biotic pro-
cesses also weaken the controllability of UHS and may
result in the reduction of energy storage efficiency.

Ecological carbon sink enhancement is one of the most
important methods to reduce the CO2 density in the ato-
mosphere, and the terrestrial ecosystem is crucial to
address the climate change problems based on its carbon
sequestration function. According to the Intergovernmen-
tal Panel on Climate Change, the terrestrial ecosystem

can capture about 2:6� 109 t CO2 from the atomosphere
per year. However, with the process of urbanization and
industrialization going depper, the aboveground space for
ecological construction is limited. The development of
underground space such as underground transportation,
underground logistics, underground energy generation,
and underground energy transmission can significantly
save aboveground space, which can be utilized for
afforestation and carbon sink enhancement.

Based on the specific characteristics of stability, sealing,
and protection, underground space has potentials for car-
bon emission reduction and carbon sink enhancement,
which can be summarized as follows: (a) underground
space can provide support for the large-scale storage of
multiphase materials; (b) underground space can guarantee
the stable and safe operation of energy systems; (c) the
development of underground space can save aboveground
space for carbon sink enhancement. Therefore, under-
ground space has been applied in different sectors to miti-
gate the increasingly serious urban problems and energy
problems, and low-carbon benefits are remarkable.

4 Underground space based IES

The existing research and development of underground
space have primarily focused on utilizing space hierarchy
to solve urban problems. The coupling of underground
space and energy sector is relative insufficient, and the
low-carbon potentials of underground are not fully
exploited. To this end, a framework of underground space
based IES is proposed in this section, which combines var-
ious clean energy technologies together to achieve carbon
emission reduction and carbon sink enhancement. Based
on the huge capacity of underground space, multiple
energy storage systems are located underground to bal-
ance the mismatch between fluctuated energy generation
and instantaneous consumption. Energy conversion facili-
ties including heat pumps, electrolyzers, and fuel cells are
placed in underground space to guarantee stable opera-
tion in normal and extreme conditions. Furthermore, the
greenhouse gas emitted by the power plant is injected into
underground caverns to achieve large-scale carbon stor-
age. Related underground facilities can save correspond-
ing aboveground space for green plants to increase
carbon sink. Based on the hierarchical structure proposed
by Xie (2021), the underground space based IES facilities
can be allocated into three different layers: shallow,
middle-level, and deep underground spaces. Specifically,
the shallow layer (0–50 m beneath the ground surface) is
intended for underground infrastructure and energy trans-
mission lines, while the middle-level layer (50–100 m
beneath the ground surface) can accommodate energy
conversion devices and electric energy storage systems.
Finally, the deep layer (more than 100 m beneath the
ground surface) is reserved for large-scale hydrogen stor-
age, carbon sequestration, and geothermal energy utiliza-
tion, as shown in Fig. 5.



Fig. 5. Schematic diagram of underground space based IES.
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4.1 Operation mechanism of underground space based IES

Wind turbines, PV panels, power plants, and ground
source heat pumps are involved in the proposed energy
system to supply electricity/heat/cold/gas for urban
energy load and underground load including underground
traffic load, underground tunnel load, and underground
complex. Power plants are the main energy sources of
IES to supply the base load. To achieve the net-zero car-
bon emission target, greenhouse gas emitted by power
plants is extracted by carbon capture technologies and
injected into underground caverns to achieve stable car-
bon storage. The integration of renewable energy genera-
tion systems can reduce the total carbon emissions of the
proposed energy system on the source side. Extra electric-
ity generated by renewable energy sources can be stored
in batteries or transformed into hydrogen to reduce the
curtailment of wind and solar energy. Batteries are con-
sidered as a short-term energy storage method with flexi-
ble operation characteristics and high efficiency. However,
the high cost and self-discharge phenomenon restrict the
application in long-term energy storage scenarios. To this
end, hydrogen is introduced, which is generated by elec-
trolyzers and injected into UHS systems through com-
pressors. Based on the characteristics of stability and
large-scale, UHS has the potential in alleviating seasonal
energy balancing problems. The combination of batteries
and UHS can significantly cover the mismatch between
renewable energy generation and consumption in various
temporal dimensions. Furthermore, hydrogen stored in
UHS can be released to provide clean fuel gas for under-
ground transportation and underground logistics system,
which can promote the carbon emission reduction in load
side. Hydrogen-enriched compressed natural gas provides
an alternative way for long-distance hydrogen transmis-
sion (Fu et al., 2019). Hydrogen stored in underground
hydrogen storage systems can be injected into the existing
natural gas pipelines and economically transmitted to
densely populated areas.
Underground source heat pumps are involved to pro-
vide clean heat energy for building temperature regulation.
Shallow geothermal resources are important supplements
for the clean energy generation framework of the under-
ground space based IES. Extra electricity can also be con-
verted to heat energy through electric heat pumps to meet
local heat demand. Related heating energy can be transmit-
ted through district heating network, which serves as a sus-
tainable way for space heating and hot water supply,
especially in densely populated areas. Furthermore, the
natural gas network is also adopted in the proposed IES
to construct comprehensive energy supply networks.
Hydrogen can be injected into natural gas networks to
achieve long-distance energy transmission and the interre-
gional fuel gas supply due to the advantages of low cost
and existing gas transmission pipelines. In the electrolytic
process, power-to–hydrogen efficiency is approximately
60%–70% without heat recovery, which is much lower than
batteries. The proposed underground space based IES
introduces the heat recovery part based on underground
heat pipelines and transforms the traditional power to
hydrogen (P2H) process to power to hydrogen and heat
(P2HH). The P2HH process enables the proposed energy
system to be flexible in supplying various energy demands,
improving the comprehensive operational efficiency by
approximately 15% ((Li et al., 2018)).

The proposed underground space based IES can supply
electricity/heating energy/clean fuels for both underground
infrastructures and urban buildings. District energy net-
works including electricity, heating, and natural gas net-
works eliminate the regional energy imbalance and
promote the optimal energy distribution spatially. Compre-
hensive energy storage system is adopted to cover the
imbalance between energy generation and consumption in
both long and short temporal dimensions, which can signif-
icantly increase energy efficiency. The structure and multi-
energy flows of underground space based IES are presented
in Fig. 6. Furthermore, the highly purified hydrogen pro-
duced from electrolytic process can be used as the impor-



Fig. 6. Multi-energy flows in underground space based IES.
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tant material of oxy-combustion systems to achieve effi-
cient carbon capture. The captured CO2 has various usages
besides direct geological sequestration, such as methanol
synthesis, metal smelting, and fire extinguisher production.
Diversified applications can lead to higher benefits.
4.2 Benefits analysis of underground space based IES

The integration of diverse low-carbon infrastructures
into the proposed underground space based IES is expected
to yield comprehensive benefits. The unique operating con-
ditions and multi-energy coupling characteristics of the IES
are anticipated to provide significant improvements in
terms of economic, low-carbon, and social benefits.

In terms of economic benefits, the proposed IES makes
full use of the underground and aboveground resources to
generate clean energy for local energy demand, including
electricity, heat, andhydrogen.With clean energy generation
systems, the energydependenceon thebulkpower grid canbe
reduced and related electricity purchasing costs can be saved.
Furthermore, the involvement of various energy storage sys-
tems can significantly reduce the curtailment of wind and
solar energy. Excess electricity also can be transformed into
hydrogen through electrolyzers and sold in the hydrogen
market for additional profits. With the development of car-
bon market and electricity market in the future, the clean
energy generated by underground space based IES will have
more advantages in transaction, and extra economic benefits
can be obtained through carbon credits transaction. The
underground-based constructionpattern can reduce the land
cost, which is particularly beneficial in urban districts where
land resources are limited.

With regards to low-carbon benefits, the proposed
underground space based IES leverages clean energy gener-
ation systems such as wind turbines, PV panels, and
ground source heat pumps to displace traditional plants
and reduce carbon emissions at the source. As a kind of
clean secondary energy, hydrogen is integrated into the
proposed underground space based IES for flexible energy
conversion and to reduce environmental damage during
operation. The emitted greenhouse gas of power plants
can be captured by CCS technologies and restored in
underground caverns to achieve stable carbon sequestra-
tion. Underground construction can save related above-
ground green spaces for afforestation and enhance the
carbon sink.

Regarding social benefits, the proposed underground
space based IES can alleviate the scarcity of land resources
in urban areas and enhance ecological modernization.
Caprock performs as the natural barrier to impair the
exchange between aboveground and underground space
(Dong et al., 2021). Therefore, the stable operation envi-
ronment of precise equipment located in underground
space can be guaranteed, especially during extreme weather
conditions. In addition, the combustion, even explosion,
caused by underground equipment faults cannot be deliv-
ered to aboveground space, which ensures the safety of
aboveground buildings and human lives.
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4.3 Research prospect of underground space based IES

The underground space based IES has great potentials
in prompting low-carbon transition of the energy sector
and the realization of ‘‘double carbon” target. China has
been actively exploring the engineering practice of under-
ground energy equipment in urban centers, such as the con-
struction of the Shanghai Jing’an underground 500 kV
substation (Zhang et al., 2023). This all-underground sub-
station has a shaft-like shape with a 34 m depth and 130 m
outer diameter, and can be used to supply the electricity
demand of more than 400 000 residents. Furthermore,
the combination of flywheel energy storage systems and
metro trains provides an alternative mode for underground
energy coupling (Rastegarzadeh et al., 2020). However, the
strategic positioning of the IES within the low-carbon tran-
sition pathway of China remains unclear, and further
research is required to study the integrated mode of under-
ground IES and existing urban infrastructure, particularly
with respect to urban energy loads and energy transmission
networks. The development of the proposed IES requires
further breakthroughs in many critical areas, including
planning, dispatch, safety protection, and low-carbon con-
struction, and the future research framework is shown in
Fig. 7.
4.3.1 Energy-space coupling system planning theory
The construction of underground space based IES is

accompanied by the development of underground space,
Fig. 7. Research framework of u
and the planning of the proposed IES is affected by geolog-
ical properties such as caprock, porous medium, and the
distribution of geothermal resources. Underground loads
including traffic, logistics, and complex are time-varying,
and intermittent renewable energy sources such as wind
and solar energy introduce greater supply–demand dynam-
ics randomness. Inaccurate planning may lead to the
imbalance between energy generation and consumption.
Furthermore, the underground space utilization causes
potential socio-environmental losses, which has non-
negligible impacts on the urban sustainable development
(Qiao et al., 2019). The deteriorated underground services
including physical space, groundwater, geomaterials, his-
torical heritages should be considered in the optimal plan-
ning of underground space based IES to guarantee the net
positive externalities (Qiao et al., 2022).

Therefore, it is of great significance to study the energy-
space coupling system planning theory for underground
space based IES. First, the energy-space coupling charac-
teristics should be investigated, and the influence of geolog-
ical structure as well as the existing urban buildings on the
IES locating should be given. Second, a comprehensive
cost-benefit analysis considering the external influences of
both positive and negative effects should be conducted to
provide net benefit assessment for planning ((Peng, Qiao,
Sabri, Atazadeh, & Rajabifard, 2021)). Third, advanced
research is required to develop analysis methods and mod-
ification techniques for underground geological structures.
Finally, related underground development costs should be
nderground space based IES.
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involved in the construction cost of underground space
based IES, and energy-space coupling system planning the-
ory should be proposed considering life cycle benefits.

4.3.2 Adaptive dispatch method considering uncertainties

In underground space based IES, the hydrogen storage
process and injection/withdrawal cycle are influenced by
the hydrogen properties and geological structure, and sys-
tem dynamics show more uncertainties: (a) the leak process
of hydrogen is affected by the porosity and permeability of
rock layer, making it difficult to accurately calculate the
amount of leakage; (b) hydrogen loss caused by biotic habi-
tat and chemical reactions is hard to quantitatively evalu-
ate; (c) affected by the uncertain expansion process and
the storage pressure, the hydrogen flow dynamics during
injection/withdrawal cycle are hard to describe; (d) due
to the gas fingering phenomenon, hydrogen injection rate
can impact the hydrogen dissolution probability, and fur-
ther influence the gas storage situation. In addition, high
penetration of renewable energy also results in the intermit-
tent and fluctuation in the system operation, and the opti-
mal operation cannot be guaranteed.

Therefore, it is of great significance to study the uncer-
tain characteristics of the underground space based IES
and achieve coordination optimal dispatch. First, the ben-
efit evaluation framework should be improved to consider
low-carbon benefits, economic benefits, system reliability,
and social benefits. Second, it is essential to analyze the
coupling characteristics of multiple energy flows in various
temporal dimensions. Finally, a data-driven dispatch
approach for underground space based IES should be pro-
posed, which can adaptively optimize the scheduling strate-
gies and cope with various uncertainties.

4.3.3 Disaster-causing mechanism analysis and protection

strategy study for underground equipment

The interaction between underground equipment and
underground geological structure is complex and dynamic,
and the disaster-causing mechanism and evolution process
are complicated under uncertain disturbances. On the one
hand, the operation of underground equipment can be
affected by the stress field, strain field, and seepage field
of underground space, leading to creep, fatigue, and dam-
age. On the other hand, underground geological structure
units are easy to be deformed and fail under the effect of
random operational load. As for underground storage sys-
tems, the coupling effect of thermal, mechanical impact,
shock wave, and other factors may cause the accidental
explosion of combustible gas. And the blowout environ-
ment has a huge impact on the deflagration pressure inside
the space, related disaster evolution process is required to
be further analyzed.

Therefore, the disaster-causing mechanism analysis and
protection strategy for underground equipment need more
attention. First, it is necessary to further investigate the
coupling characteristics and interaction mechanisms of
multiple physical fields in underground space and identify
the potential accidental explosion scenarios. Second, an
evaluation model for the safety and resilience of under-
ground equipment under explosion disasters needs to be
established, while the explosion process must be thor-
oughly studied. Finally, protection framework of under-
ground equipment under explosion disaster should be
established, which is critical for the safe and stable opera-
tion of underground space based IES.

4.3.4 Low-carbon construction technologies aimed at net-

zero carbon emission target

Due to its fuel-intensive characteristics, the building and
construction sector is regarded as one of the major CO2

emission sources. Among all environmental effects in the
building sector, carbon emissions from construction equip-
ment and plants account for over 50% (Wong et al., 2013).
Traditional construction methods may result in large
amounts of carbon emission which makes the net-zero car-
bon emission target difficult to realize. Furthermore, the
adoption of low-carbon construction methods may intro-
duce uncertainties and increase the risk of latent building
defects, thereby limiting the application of green construc-
tion technologies. The potential failure to deliver meaning-
ful long-term utility restricts the application of green
construction technologies.

Therefore, it is of great significance to innovate and
develop low-carbon construction technologies and achieve
the net-zero carbon emission target in the life cycle of
underground space based IES. First, green procurement
and green construction materials should be adopted in con-
struction systems. Second, a framework of low-carbon
design should be adopted to modify the pre-construction
concept and technical design process, which includes ther-
mal efficiency, air tightness, efficient service, fuels, and so
on. Finally, the monitoring and evaluation system of car-
bon emission for underground space based IES should be
proposed, and a smart decision-making framework should
be established to further reduce the carbon emission level
during the construction period.

4.3.5 Engineering demonstration and policy formulation

The proposed underground space based IES covers
energy processes including energy generation, energy trans-
mission, energy conversion, and energy consumption. The
coupling characteristics of multi-energy flows and uncer-
tain challenges are difficult to accurately address by theo-
retical analysis. Engineering demonstration is inevitable
for the advanced technologies to achieve wide application.
Furthermore, the underground space based IES integrates
various energy sources, and the coordinated development
of different energy technologies relies on the guidance of
policy or related roadmap.

Therefore, it is of great significance to construct engi-
neering demonstration platforms and formulate related
development policies for underground space based IES.
First, the selection of the location for these platforms
should be carefully deliberated. The low-carbon benefits
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would be more significant in areas where the energy con-
sumption is relatively huge and aboveground space is
scarce. Second, the demonstration platform should be
designed for target coordination, diagnostic analysis, pat-
tern optimization, process regulation, as well as evaluation
feedback, and the systematic solution is required for wide
application. Finally, policies for the coordinated develop-
ment of diverse energy sources and underground space
must be formulated, and a development roadmap should
be proposed to specify explicit development objectives.
5 Conclusions

The ‘‘double carbon” target draws a grand blueprint for
China’s future climate governance and carbon emission
reduction. To achieve the net-zero development goal,
low-carbon city construction and decarbonization of the
energy sector are crucial and require further innovation
and research. This paper conducts a comprehensive review
of existing low-carbon technologies in terms of energy gen-
eration, storage, consumption, and carbon capture. Based
on the restriction of low-carbon technologies in the space
and operation environment, the low-carbon potential of
underground space is analyzed. Then, a framework of
underground space based IES is proposed, which couples
underground space and various facilities for carbon emis-
sion reduction and carbon sink enhancement. The advan-
tages of underground space including noise insulation,
lower influence from natural disasters, and less environ-
mental pollution are explored in the proposed IES.
Through involving various renewable energy resources
and storage systems, clean and stable energy supply can
be guaranteed for low-carbon city. Finally, the research
prospects of underground space based IES are summarized
to provide guidance for low-carbon city development.

In this paper, the underground space is highlighted to
provide support for low-carbon city construction and
energy low-carbon transition. The underground space
based IES is proposed to serve as a systematic solution
for carbon emission reduction. Future research works can
be conducted based on the proposed IES framework to fur-
ther explore the carbon emission reduction potentials of
underground space and innovate the coupling pattern of
underground space and the energy sector, which aims at
the achievement of the ‘‘double carbon” target.
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