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Abstract. In the context of global climate change and China’s efforts to achieve the “carbon peak and carbon
neutrality” goals, nuclear energy, as a clean, low-carbon, and efficient energy source, plays a significant role in
the green and low-carbon transformation of the energy sector. This paper analyzes the development back-
ground of nuclear energy comprehensive utilization, explores the latest progress in technologies such as nuclear
steam supply, heating, hydrogen production, seawater desalination, and waste heat utilization, and summarizes
the application practices of these technologies. The study indicates that the comprehensive utilization of
nuclear energy can significantly improve energy efficiency and reduce carbon emissions, providing green energy
solutions for industries, transportation, and heating. However, the comprehensive utilization of nuclear energy
still faces challenges such as technological potential, incomplete regulations and standards, and economic.
In the future, it is necessary to intensify technological innovation, improve relevant policy support, and
promote the widespread application of nuclear energy comprehensive utilization to help achieve the “carbon
peak and carbon neutrality” goals and sustainable development.
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1 Background of the development of nuclear
energy comprehensive utilization under new
circumstances

In the context of global efforts to combat climate change
and China’s commitment to achieving the goals of “carbon
peak by 2030 and carbon neutrality by 2060,” there is a new
imperative to accelerate the green and low-carbon transfor-
mation of energy. Production methods are rapidly shifting
towards low-carbon and intelligent models, and the energy
system and development patterns are entering a new phase
dominated by non-fossil energy sources. Nuclear energy, as
a clean, low-carbon, safe, and efficient source of energy [1],
plays a significant role in ensuring national energy supply
and adjusting the energy structure. It is crucial in address-
ing climate warming, extreme weather events, sudden pan-
demics, and improving the global environment, making it
an important choice for achieving the targets of carbon
peak and carbon neutrality [2, 3].

Nuclear power in our country has been operating safely
and steadily, laying a solid foundation for comprehensive
utilization. Since 2021, there have been no operational
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events at or above Level 1 on the International Nuclear
and Radiological Event Scale [4] (INES) nationwide. In
2023, the proportion of nuclear power units achieving a full
score on the WANO Integrated Index reached 61.1%, with
an average value higher than that of major nuclear power
countries such as the United States, Russia, France, and
South Korea, and better than the global average for nuclear
units [5, 6].

The orderly development of nuclear energy has provided
continuous impetus for technological innovation. Pressur-
ized water reactors (PWR) have entered a stage of large-
scale development [7], high-temperature gas-cooled reactor
(HTGR) demonstration projects have achieved full-power
operation, and the construction of small modular reactors
(SMR) is progressing smoothly [8], with various advanced
reactor technologies under active research and develop-
ment. As of December 2023, there were 55 commercial
nuclear power units in operation nationwide (excluding
China Taiwan), with a total installed capacity of
57.03 GW, and 26 nuclear units under construction, with
a total installed capacity of 30.3 GW. In 2023, the cumula-
tive electricity generation of China’s nuclear power units
reached 433.371 billion kWh, accounting for 4.86% of the
total electricity generation. The average utilization hours
of nuclear power equipment were 7661.08 h, and the
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Fig. 1. Diverse applications of nuclear energy utilization.

average capacity factor of the units was 91.25%. Compared
to coal combustion, this is equivalent to reducing the burn-
ing of standard coal by 123 million tons [9], reducing carbon
dioxide emissions by 323 million tons, reducing sulfur
dioxide emissions by 1.0489 million tons, and reducing
nitrogen oxide emissions by 913,000 tons [10].

The proposal of the “carbon peak and carbon neutrality”
goals has promised a prospect for the innovative application
of nuclear energy. The application fields of nuclear energy
have expanded from pure power generation to a wider
range of areas (see Fig. 1). According to TAEA statistics,
in 2023, 45 units in 10 countries worldwide provided
20.46 billion kWh of process heat for comprehensive utiliza-
tion. Of this, 88% was used for district heating, 10% for
industrial heat (steam), and the remaining 2% for desalina-
tion. The important role of nuclear cogeneration in address-
ing climate change has begun to emerge [11].

To achieve the “carbon peak and carbon neutrality”
goals, the country has successively introduced a series of
policies [12-16] to promote the expansion of nuclear energy
applications into industrial steam supply, regional heat-
ing/cooling, hydrogen production, desalination, and waste
heat utilization. The State Council’s “Opinions on Fully,
Accurately, and Comprehensively Implementing the New
Development Philosophy and Doing a Good Job in Carbon
Peaking and Carbon Neutrality” clearly points out the need
to “actively and steadily promote nuclear power waste heat
for heating.” The National Development and Reform
Commission’s “14th Five-Year Plan for Modern Energy
System” [17] proposes “promoting the comprehensive
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utilization of nuclear energy in clean heating, industrial
heat supply, and desalination.”

Under the positive guidance of policies, the nuclear
energy industry continues to innovate and conduct a series
of in-depth research and practical activities, gradually pro-
moting the comprehensive utilization of nuclear energy
from “0-1” scientific breakthroughs to “1-100” major engi-
neering applications.

2 Nuclear energy comprehensive utilization
development status

Nuclear energy comprehensive utilization can effectively
enhance energy efficiency in various forms, increasing the
energy utilization rate from about 37% for single electricity
generation to 50% or even higher [18]. A range of technolo-
gies, including nuclear steam supply, heating, hydrogen
production, desalination, and waste heat utilization, are
all under continuous development.

2.1 Nuclear steam supply

2.1.1 Nuclear energy for steam supply: a solution for
decarbonizing industrial parks

Steam is another significant form of energy consumption in
production, second only to electricity, with nearly 90% of
industrial heat coming from fossil fuels. Nuclear energy
for steam supply is an important pathway for decarbonizing
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Fig. 2. Schematic diagram of steam supply process coupling PWR and HTGR.

high-energy-consuming industries [19]. China’s first indus-
trial nuclear steam supply project, “Heqi No. 1,” was com-
pleted and put into operation in June 2024. “Heqi No. 1”7
uses the secondary circuit steam from the 3rd and 4th units
of the Tianwan Nuclear Power Plant, which drives the
turbine system to generate electricity, as the heat source.
The nuclear power plant features a multi-layer isolation
design between the primary circuit, secondary circuit, and
steam circuit, allowing for the production of industrial
steam in a physically isolated environment. This steam is
then transported to the petrochemical industrial base
through a multi-stage heat exchange process and an indus-
trial steam network. After its completion, the project pro-
vides 4.8 million tons of zero-carbon clean steam annually,
equivalent to reducing the combustion of 400,000 tons of
standard coal per year. This is akin to adding 2,900 hectares
of forested area and saving over 700,000 tons of carbon
emission quotas for the local petrochemical base each year,
resulting in an equivalent reduction of 1.07 million tons of
carbon dioxide emissions [20-22].

The Jiangsu Xuwei Nuclear Energy Steam Supply
Project, currently under development, utilizes a combina-
tion of four “Hualong One” units and two HT'GRs for steam
supply (see Fig. 2), with construction planned in two
phases. This configuration leverages the advantages of the
Hualong One PWR’s large steam heat capacity and supe-
rior economic performance, while also utilizing the high
steam parameters of the HTGR. In this project, the
Hualong One produces saturated industrial steam, which
is then superheated by the high-parameter steam from
the HTGR. Through the cascading use of steam, the project
can provide various steam qualities, including medium-
temperature and medium-pressure, and low-temperature
and low-pressure steam.

Furthermore, preliminary work on diversified nuclear
steam supply based on various reactor types and targeting
different users is being carried out in an orderly manner.

Some nuclear steam supply projects were conducted
abroad in earlier years [23]. In 1956, the Calder Hall nuclear
power plant in the UK supplied 196 MWt/h of industrial

Table 1. Nuclear power plants used for industrial steam
supply in operation (as of December 2024).

Country Reactor name Reactor type
1. Norway HALDEN BWR
2. Switzerland GOESGEN PWR
3. CHINA TIANWAN PWR

steam to the nearby Windscale fuel production project,
which was shut down in 2003. In Germany, the Stade
PWR provided 30 MWt/h of industrial steam to a test
refinery located 1.5 km away in 1983, and it was also shut
down in 2003. The Gosgen Nuclear Power Plant in
Switzerland has been extracting process steam to serve a
cardboard factory and other heat users located 2 km away
since 1979, with a heating power of 25 MWt /h, and it is still
in operation to date. In Canada, the CANDU reactor
supplied steam for food processing and industrial ethanol
production, which was shut down in 1998. In Norway, the
Halden Reactor used to provide steam to nearby factories.
The RAPS-II PWR in Kota, India, supplies steam for
heavy water production nearby. Data released by the
TAEA [11] shows that, as of December 2023, there are 29
operational nuclear power units worldwide that adopt
cogeneration, providing industrial steam while generating
electricity, mainly concentrated in Russia, as shown in
Table 1.

In recent years, some nuclear energy countries have
re-emphasized the importance of nuclear steam supply
and are actively exploring top-level work or related projects
for industrial steam supply using nuclear energy. Industrial
producers in countries like the United States are planning
to collaborate with Nuscale, based on modular SMR tech-
nology, for nuclear industrial steam supply projects. In
November 2023, Nuscale and ORNL Oak Ridge National
Laboratory jointly conducted a technical-economic evalua-
tion of an economically efficient steam heating system
design; they also carried out multiple decarbonization
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Fig. 3. Different reactors providing various steam supplies.

research reports for high-energy-consuming industries,
including nuclear energy. In December 2023, the European
Council passed the inclusion of nuclear energy in the
Net Zero Industry Act (NZIA), laying the framework
foundation for nuclear energy to serve as a strategic net-
zero technology in the future and play a role in carbon
reduction.

2.1.2 Nuclear energy for steam supply technology

The steam required for industrial production typically
has high temperatures and pressures. Depending on the
processing purposes across different industries, industrial
steam temperatures usually range from 100 °C to 1,000 °C,
and pressures cover from less than 1 megapascal to several
tens of megapascals. Typical high-energy-consuming indus-
tries include petrochemicals, building materials, papermak-
ing, and printing and dyeing. Different reactor types can
provide various solutions to meet different steam demands
(see Fig. 3).

Nuclear steam supply is a new approach that utilizes the
thermal energy provided by nuclear power plants to meet
the steam demands of industrial sector users, reduce overall
energy consumption, and eliminate environmental pollu-
tion. Technically, nuclear steam supply primarily involves
extracting steam from the secondary loop of nuclear power
units as a heat source, passing it through multiple heat
exchangers, and finally delivering the heat to the user end
via an industrial steam network.

Depending on the steam parameter requirements,
nuclear steam supply can be achieved through direct steam
supply from a single reactor type or through coupled steam
supply. In terms of direct steam supply from a single reactor
type, large PWRs have significant advantages in steam
supply capacity, with good technical maturity and eco-
nomic viability; HTGR can independently provide higher
steam parameters; SMR are more flexible in deployment,
as shown in Table 2.

Extraction and steam conversion technology. According
to the relevant requirements of the “Nuclear Power Plant

I Co:l Gasification
steel Making [N

Design Safety Regulations” (HAF102-2016), “The design
of nuclear power plants connected to heat utilization
devices (such as regional centralized heating) and/or
desalination devices must prevent the migration of radioac-
tive nuclides from the nuclear power plant to desalination
devices or regional centralized heating devices under
operating and accident conditions.” Therefore, a steam con-
version system is added when supplying steam to industrial
users. In the steam conversion system, high-parameter
steam provided by the reactor’s secondary loop is used
as a heat source to produce industrial steam with rela-
tively lower parameters. The steam extracted from the
reactor’s secondary loop is gradually heated in the
steam conversion equipment, releasing heat and becoming
condensate, which then returns to the secondary loop con-
densate system via pipelines. Desalted water from the
desalted water system is transformed into industrial steam
that meets the requirements of heat users after being
preheated, deoxygenated, heated, evaporated (steam gener-
ator), and superheated in the steam conversion equipment.
The basic principle of nuclear steam supply is shown in
Figure 4.

The steam supply process system is primarily composed
of two parts: the reactor heat source steam supply system
and the industrial steam production system. Reactor Heat
Source Steam Supply System: A portion of the main steam
is extracted from the conventional island’s main steam
system and directed through the plant’s main steam pipe-
line to the energy station’s steam conversion equipment.
Within the steam conversion equipment, the main steam
releases heat and turns into condensate, which then returns
to the secondary loop’s conventional island condensate
system via pipelines. Industrial Steam Production System:
Desalted water from the desalted water system is heated
by the first feed pump through the first heater and sent into
the deoxygener for deoxygenation. It is then pressurized
by the second feed pump through the second feed water
heater and sent into the evaporator to absorb the heat
released from the main steam and transform into industrial
steam. The saturated steam produced by the evaporator,
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Table 2. Comparison of main parameters of different reactor types.

Reactor type “Hualong One” large “Linglong One” “HTR-~-PM600S”
PWR [24, 25] SMR [26] HTGR [27, 28]
Thermal power (MW?t) 3180 385 1500
Electrical power (MWe) 1200 125 670
Main steam temperature (°C) 284.0 293.8 571.0
Main steam pressure (MPa) 6.8 4.5 13.9
Main steam flow (t/h) 6382.8 596.8 2138.4
Maximum steam supply pressure (MPa) 54 3.5 12.5
Maximum steam supply temperature (°C) 268.8 270 540
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Fig. 4. Basic principle diagram of nuclear steam supply.

after being superheated in the heater, merges into the
industrial steam header and is transported through the
plant’s industrial steam pipeline to the off-site steam
long-distance pipeline network. During the transportation
of steam, the long-distance pipeline network will experi-
ence certain temperature and pressure losses. Through
optimized routing, the steam ultimately reaches the indus-
trial users.

To address the high-parameter, large-capacity steam
requirements of large petrochemical parks, it is also possible
to meet various clean steam demands by coupling large
PWR with other high-temperature heat sources such as
HTGR and electric heating. In terms of coupling with
high-temperature reactors, the advantages of PWR’s lower
steam parameters, large thermal power, and good economic
performance, as well as the high steam parameters of
HTGR, can be fully utilized. When combining the two
types of reactors, PWR is used to produce saturated indus-
trial steam, and then the high-parameter steam from the
HTGR reactor is used to superheat the saturated industrial
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steam. Steam conversion technology is also employed
during the heat transfer process to ensure the safety of
the steam supply (see Fig. 5).

In terms of coupling with other high-temperature heat
sources, current technical research indicates that electric
heating is one of the more recommended methods among
various coupling approaches. Electric heating units are
characterized by their good carbon reduction benefits, high
energy utilization rates, high heating temperatures, flexible
deployment, and mature technology. In the petrochemical
industry, electric heaters have already been widely applied.
During the coupling process, the abundant heat source
generated by PWR is utilized for initial heating, while
the electric heating units provide superheating. Preliminary
research results show that the combination of PWRs
and electric heating units can achieve medium-temperature
and medium-pressure steam levels. This approach
offers more flexibility in leveraging existing steam supply
modifications and expanding market applications (see
Fig. 6).
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Fig. 5. Flowchart of steam supply technology coupling multiple reactor types.

2.2 Nuclear district heating

2.2.1 Nuclear heating as a stable heat source for regions

Heating in northern China still primarily relies on fossil
fuels, with buildings and non-process industries having a
heat demand of 13 billion GJ below 150 °C, indicating a
significant need for carbon reduction in heating [29, 30].

During the “14th Five-Year Plan” period, clean heating
in northern regions has been actively and steadily pro-
moted. Nuclear heating projects at the Haiyang Nuclear
Power Plant in Shandong, the Qinshan Nuclear Power
Plant in Zhejiang, and the Hongyanhe Nuclear Power Plant
in Liaoning have already achieved heating coverage over 5
million square meters [31, 32] (see Table 3).

In 2019, the first phase of the Haiyang nuclear heating
project, covering 700,000 square meters, was completed
and put into operation. In 2021, the second phase was oper-
ational, providing heating for 4.5 million square meters of
the entire urban area of Haiyang, serving 200,000 residents.
This made Haiyang the first ‘“zero-carbon” heating city in
China. With the completion and operation of six additional
units, the expected heating area is expected to exceed 200
million square meters, with a heating radius reaching 100
km, serving the main urban areas of Yantai, Qingdao,
and Rongcheng.

Taking the Qinshan Nuclear Power Plant as an example,
in November 2021, it began providing heating for 4,000

households, covering an area of 460,000 square meters.
The plan is to fully complete the demonstration project by
2025, which will be able to meet the heating needs of about
4 million square meters in the main urban area of Haiyan
and other places. This is equivalent to reducing the
combustion of approximately 24,600 tons of standard coal
annually, and reducing emissions of sulfur dioxide by 1,817
tons, nitrogen oxides by 908 tons, and carbon dioxide by
59,000 tons [33].

The carbon reduction benefits of nuclear heating are
significant, and its social benefits are also positive.

In terms of low-temperature heating reactors, the
NHR200-II low-temperature heating reactor and the Hemei
No. 1 SMR nuclear heating project are both being actively
and orderly developed.

Globally, the research and application of nuclear
heating have also become very mature. In the mid-1950s,
the Swedish ASEA-Atom Company designed and built
the world’s first prototype reactor mainly used for district
heating — the Agesta heating reactor. In the 1970s, the
former Soviet Union designed and built eight cogeneration
reactors involving various reactor types. Today, nuclear
heating applications have reached a certain scale. As of
December 2023, more than 50 operational nuclear power
units worldwide have adopted cogeneration, providing dis-
trict heating while generating electricity. Countries that
have promoted the application of nuclear heating are
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Table 3. Domestic residential heating project status (as of December 2023).

Nuclear power base Commissioning Heating Heating CO? emissions reduction
date load (MW) area (m”) (tons/season)
Haiyang Nuclear Power 2019 202.5 4.5 million 330,000
Qinshan Nuclear Power 2021 37.5 460,000 27,000
Hongyanhe Nuclear Power 2022 12.77 242,400 14,000

mostly located in high-latitude regions, such as the former
Soviet Union, Germany, Canada, Sweden, Denmark,
France, and Switzerland, almost all of which are located
north of 43°N, characterized by severe winters and long
heating periods. The types of reactors used are diverse,
including pressurized water reactors, heavy water reactors,
fast reactors, and high-temperature gas-cooled reactors (see
Table 4).

2.2.2 Nuclear heating technology

Nuclear heating mainly consists of two methods: steam
extraction heating and low-temperature heating reactors.
Steam extraction heating utilizes steam from the reactor’s
secondary loop or auxiliary steam system as a heat source,
which is then used for the first heat exchange with the
thermal network’s circulating water at the heating primary
station. The circulating water in the thermal network is
then transported through the pipeline to the secondary heat
exchange station, where it undergoes a second heat
exchange with the user side. The heating system achieves
multiple isolations between the primary and secondary
loops of the nuclear power plant, the secondary loop and
the thermal network circulating water loop, and the

thermal network circulating water loop and the user side
loop. During the heat exchange process, only heat is trans-
ferred, and there is no direct contact between the media. A
pressure difference is maintained between the water and
steam sides of the heat exchanger at the primary station
to ensure that in the event of a leak, water flows from the
water side to the steam side and does not disperse out-
side the plant. In addition to the existing monitoring of
the secondary side of the evaporator and the main steam
radiation at the nuclear power station, an online monitor-
ing device and isolation valve are added before the hot
water leaves the primary station. Through these multiple
measures, the safety of nuclear heating is ensured (see
Fig. 7).

Low-temperature heating reactor technology is specifi-
cally designed for heating purposes, based on technologies
such as shell-type reactors or pool-type reactors. It is pri-
marily divided into pool-type low-temperature heating reac-
tors and shell-type low-temperature heating reactors.
Typical models include the China National Nuclear Corpo-
ration’s (CNNC) “Yanlong” pool-type low-temperature
heating reactor [34], Tsinghua University’s NHR200-IT
low-temperature nuclear heating reactor, and the State
Power Investment Corporation’s (SPIC) Hemei No. 1.
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Table 4. Operational nuclear power plants used for nuclear heating in the world.

Country Reactor name Reactor type Model
1. Bulgaria KOZLODUY 5/6 PWR VVER V-320
2. China HAIYHANG1/2 PWR AP1000
3. Czech Republic TEMELIN1/2 PWR VVER V-320
4. Hungary PAKS24 PWR VVER V-213
5. Romania CERNAVODA1/2 PHWR CANDU 6
6. Russsia NOVOVORONEZH4 PWR VVER V-179
KOLA1/2 PWR VVER V-230
BILIBINO2-4 LWGR EGP-6
NOVOVORONEZH5 PWR VVER V-187
BELOYARSK 3 FBR BN600
KURSK2-4 LWGR RBMK-1000
SMOLENSK1-3 LWGR RBMK-1000
KALININ1/2 PWR VVER V-338
KOLA-3/4 PWR VVER V-213
LENINGRAD-3/4 LWGR RBMK-1000
KALININ3/4 PWR VVER V-320
BALAKOVO-1-+4 PWR VVER V-320
7. Slovakia BOHUNICE-3/4 PWR VVER V-213
8. Switzerland BEZNAU-1/2 PWR WH 2LP
9. Ukraine ZAPOROZHYE-5/6 PWR VVER V-320
RIVNE-1-2 PWR VVER V-213
RIVNE-3 PWR VVER V-320
KHMELNITSKI-1/2 PWR VVER V-320
SOUTH UKRAINE 1-3 PWR VVER V-302/338/320
ZAPOROZHYE-1-4 PWR VVER V-320
RIVNE-4 PWR VVER V-320

Low-temperature heating reactors transfer the core heat to
be used for heating through three loops. Among them, shell-
type reactors have a higher outlet water temperature and
can be used for both heating and industrial steam supply,
but they have a longer construction period. Pool-type reac-
tors have relatively lower construction costs and shorter
construction periods, and their location can be closer to
urban users, but they have lower heating parameters and
can only meet residential heating needs.

2.3 Nuclear hydrogen production

2.3.1 Nuclear hydrogen production as a source of green
hydrogen for industry and transportation

Development of clean hydrogen energy in China is currently
in an active exploration phase, with national and local
governments successively introducing a series of policies to
support its growth [35-39]. Nuclear energy has the capabil-
ity to stably and continuously produce large amounts of
clean hydrogen. Internationally, there is ongoing active
research in nuclear hydrogen production, and demonstra-
tion applications have been conducted.

Tianwan Nuclear Power Plant took the lead in con-
ducting a demonstration of proton exchange membrane

electrolysis (PEM) for hydrogen production in 2024. The
complete system has undergone startup trials, and the
hydrogen gas produced, after purification, can achieve a
concentration of 99.999%. The Institute of Nuclear and
New Energy Technology at Tsinghua University has built
a thermochemical iodine-sulfur cycle hydrogen production
test rig, IS-100, with a production rate of 100 L /h. The sys-
tem has completed 86 hours of continuous operation, with
60 hours dedicated to hydrogen production. The Shanghai
Institute of Applied Physics of the Chinese Academy of
Sciences developed a 5 kW high-temperature electrolysis
hydrogen production system in 2015, conducted a mid-scale
trial of a 20 kW high-temperature electrolysis hydrogen
production device in 2018, and carried out a 202 kW
high-temperature electrolysis hydrogen production test in
2023, achieving a production rate of 64 Nm3/h [40]. They
also plan to conduct trials for nuclear hydrogen production
based on molten salt reactors.

Globally, the main nuclear countries such as America,
Russia, France and United Kingdom are also making
effort in the practice of nuclear hydrogen production [41].
The Nine Mile Point Nuclear Generating Station, a PWR
in the United States, has successfully constructed a
1.25-megawatt nuclear hydrogen production demonstration
in 2023 [42]. This project utilizes proton exchange
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membrane electrolysis technology to achieve a daily hydro-
gen production of 560 kg. The U.S. Department of Energy
is also planning to reduce the cost of nuclear hydrogen
production and is currently conducting research on high-
temperature electrolysis technology for hydrogen produc-
tion using nuclear energy. Russia has prioritized hydrogen
energy as a strategic national technology, with plans to
implement electrolytic hydrogen production at existing
nuclear power plants in the near term and to utilize high-
temperature gas-cooled reactors for hydrogen production
in the long term. France, which has the highest proportion
of nuclear energy in the world, places significant emphasis
on nuclear hydrogen production. The “France 2030 Plan”
released in 2021 indicates that France will invest 2.3 billion
euros to promote the development of electrolytic hydrogen
production technology, aiming to build at least two million-
kilowatt-level electrolytic hydrogen projects by 2030,
thereby leveraging France’s strengths as a major nuclear
energy nation in the field of nuclear hydrogen production.
The United Kingdom’s approach to nuclear hydrogen
production is also dual-pronged. In the short term, it
focuses on demonstrating and applying hydrogen produc-
tion at operational nuclear power plants, while in the

medium- o long-term, it prioritizes high-temperature gas-
cooled reactors for hydrogen production. In May 2021,
the UK Nuclear Industry Association announced its
“Hydrogen Roadmap,” setting a goal for nuclear hydrogen
production to meet one-third of the country’s hydrogen
demand by 2050. The under-construction Hinkley Point
C Nuclear Power Plant in the UK is planned to be equipped
with large electrolyzers. The UK-based Ultra Safe Nuclear
Corporation is also developing an improved micro-reactor
based on existing miniature high-temperature gas-cooled
reactors for hydrogen production demonstrations. The
Japan Atomic Energy Agency has completed a mid-scale
trial of the I-S cycle for hydrogen production, achieving a
production rate of 150 L/h. Canada, South Korea, and
other countries are also actively exploring nuclear hydrogen
production.

2.3.2 Nuclear hydrogen production technology

Nuclear hydrogen production can participate in hydrogen
generation by providing forms of energy such as heat or
electricity, including thermochemical hydrogen production,
high-temperature steam electrolysis hydrogen production,
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and low-temperature water electrolysis hydrogen produc-
tion (see Fig. 8).

High-temperature steam electrolysis (HTSE) for hydro-
gen production uses solid oxide electrolysis cells (SOEC) as
the core reactor, achieving efficient decomposition of steam
to produce hydrogen. This method can fully utilize the

high-temperature heat and electricity generated by the
reactor. Several major countries around the world have
listed this technology as a key development direction for
the future. Thermochemical cycle hydrogen production is
another efficient hydrogen production technology. It pre-
pares hydrogen through high-temperature thermochemical
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Table 5. Operational nuclear power plants used for desalination in China.

Project name Desalination capacity Technology
Fujian Ningde Nuclear Power Plant 15,000 m*/d RO
Liaoning Hongyanhe Nuclear Power Plant 10,200 m*/d RO
Zhejiang Sanmen Nuclear Power Plant 17,000 m*/d RO
Shandong Haiyang Nuclear Power Plant 16,800 m*/d RO
Fujian Xiapu Nuclear Power Plant 6,800 m®/d RO
Liaoning Xudabao Nuclear Power Plant 23,000 m®/d RO

Hainan Changjiang Small Reactor

2 x 3,000 m*/d

Low-temperature multi-effect distillation

Table 6. Operational nuclear power plants used for desalination worldwide (data as of December 2023).

Country Reactor name Reactor type Model
1. India MADRAS 2 PHWR HORIZONTAL PRE
2. Japan TAKAHAMA 3/4 PWR M 3LOOP
GENKAI 3 PWR M 4 LOOP
IKATA3 PWR M 3LOOP
OHI 3/4 PWR M 4 LOOP

cycle processes of steam cracking, mainly including the
iodine-sulfur (IS) cycle route and the hybrid sulfur cycle
route, which generally require operation at temperatures
above 900 °C. This method is still under further develop-
ment due to issues such as working temperature, scaling,
and material corrosion. Conventional water electrolysis
technology is relatively mature and can directly utilize the
electricity generated by the reactor, such as proton
exchange membrane (PEM) water electrolysis technology.
Although its efficiency is not as high as that of high-
temperature steam electrolysis and thermochemical cycle
hydrogen production, its flexibility is stronger, making it
one of the main methods for hydrogen production from
new energy sources such as wind and solar. At present,
the economic benefits of nuclear hydrogen production are
not yet apparent (see Fig. 9).

2.4 Desalination

2.4.1 Desalination provides additional water sources
for water-scarce regions

Desalination involves the removal of salt from seawater to
produce freshwater, representing a technology for increas-
ing water resource availability and augmenting the total
freshwater supply. In northern coastal provinces and cities
of China, the per capita annual water resources are severely
insufficient. During the “14th Five-Year Plan” period, both
the national government and coastal provinces have
introduced policies and plans for the development of the
desalination industry.

The nuclear desalination in China has been successfully
applied in multiple nuclear power plants and is highly
mature. Domestic nuclear power plants widely use desalina-
tion technology to provide water for production or daily use
(see Table 5). For instance, nuclear power plants in Ningde,

Fujian; Hongyanhe, Liaoning; Sanmen, Zhejiang; and
Haiyang, Shandong, employ reverse osmosis membrane
processes. Additionally, the small reactor in Changjiang,
Hainan, and the high-temperature gas-cooled reactor are
conducting research on thermal desalination using nuclear
steam or hot water [43, 44]. In 2021, Haiyang Nuclear
Power Plant, in collaboration with Tsinghua University,
completed a “simultaneous production and delivery of water
and heat” demonstration project. This project utilizes the
extracted steam and waste heat from the nuclear power
unit to drive the production of 5 tons per hour of hot fresh
water at 95 °C, meeting drinking water standards, for
heating and water supply in the expert village [45].

Several countries abroad have also conducted design
and engineering research on nuclear desalination for
different types of reactors, accumulating approximately
200 reactor-years of experience in nuclear desalination.
This approach is considered a viable option to meet the
growing demand for drinking water and has provided hope
for many arid and semi-arid regions that suffer from severe
water scarcity [46-48]. According to incomplete statistics
from the TAEA, the operational power plants used for
desalination worldwide are shown in Table 6.

2.4.2 Desalination technology

Based on the type of energy utilized, nuclear desalination
technology can be divided into two categories: one that uses
thermal energy, such as driving distillation desalination
devices with steam extraction from condensing steam tur-
bines or exhaust steam from back-pressure steam turbines,
including technologies like multi-stage flash (MSF) and
low-temperature multi-effect (MED); and another that uses
electrical energy to power desalination devices, such as
reverse osmosis (RO), (see Fig. 10). The mainstream desali-
nation technologies adopted currently in China is reverse
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Ttem

Heat pump

High back-pressure
heating

Light shaft heating

New condensing
extraction B-P heating

Main Retrofit

Circulating water

Steam turbine body,

Steam turbine body

Need to replace low-
pressure cylinder rotor
during heating season,
open cylinder twice a
year

Generally mature,
used in small units

Intermediate and low-
pressure cylinder
connection pipe, steam
turbine body retrofit
Flexible regulation, small
scope of changes, in the
promotion stage

Initial stage, only a few
power plants have

Content system, extraction condenser, circulating
system water system
Technical Flexible regulation, Need to replace low-
Features requires new factory pressure cylinder rotor
construction during heating season,
open cylinder twice a
year
Current Mature technology, Mature technology,
Application many cases many cases
Status

successfully operated for
one heating season

osmosis technology (RO). Key components of membrane-
based processes, such as reverse osmosis membrane
modules, high-pressure pumps, and energy recovery devices,
require further technological advancement. Additionally,
desalination technologies based on waste heat utilization
and the utilization of brine are also being actively explored
[49]. At present, due to the relatively easy availability of
freshwater resources in China, desalination has not yet
formed large-scale applications, and its scale economic
benefits are not yet apparent.

2.5 Waste heat utilization

2.5.1 Waste heat utilization provides technical support
for the construction of a circular economy

Waste heat utilization from nuclear energy involves using
the residual heat generated by nuclear power plant reactors
after electricity production to provide energy. Conventional

nuclear power plants release over 60% of their thermal
energy into the environment as waste heat, indicating a
significant potential for waste heat utilization.

Waste heat utilization can achieve simultaneous water
and heat transmission (see Fig. 11), long-distance heating
and cooling with large temperature differences [50, 51], ice
melting, aquaculture, cross-seasonal energy storage, LNG
vaporization and efficient seawater desalination. This can
enhance energy utilization efficiency while effectively reduc-
ing the temperature of power plant thermal discharges,
thereby improving the marine environment’s friendliness.

At present, domestic practices of waste heat utilization
encompass applications in heating, seawater desalination,
ice melting through recirculation, and aquaculture. The
Haiyang Nuclear Power Plant has achieved the simultane-
ous production and transmission of water and heat through
waste heat utilization. The Hainan Nuclear Power Plant
utilizes waste heat for pearl farming, thereby realizing
significant economic benefits. The Daya Bay Nuclear Power
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Plant is engaged in coral conservation and research on
mangrove protection. The Xudapu Nuclear Power Plant
plans to employ waste heat for ice melting through recircu-
lation, effectively assisting with the plant’s water supply
[52, 53].

2.5.2 Waste heat utilization technology

In the process of waste heat utilization, technologies such as
heat pumps and back-pressure steam turbines deserve
special attention. A heat pump is an energy utilization
device that enables the transfer of heat from a low-tempera-
ture object to a high-temperature object. Back-pressure
steam turbine technology significantly improves overall
energy utilization efficiency by eliminating losses at the
cold end. The main technologies for back-pressure unit
retrofitting include high back-pressure heating technology,
light shaft heating technology, and new condensing extrac-
tion back-pressure heating technology. Among these, the
new condensing extraction back-pressure technology is a
heating technology that can flexibly switch between pure
condensation, extraction, and back-pressure conditions
online (see Table 7).

3 Conclusion

Nuclear energy comprehensive utilization plays a crucial
role in addressing global climate change and achieving the
“dual carbon” goals. Through the comprehensive utilization
of nuclear energy, it is possible to significantly enhance
energy efficiency and reduce greenhouse gas emissions,
providing green energy solutions for industries and heating.
The domestic nuclear energy industry is building an inte-
grated smart energy system based on nuclear energy. In
the future, renewable energy sources can be consumed
locally and combined with electricity, heat, cold, gas and
water to form a multi-product integrated energy system
to maximize energy efficiency.

However, the development of nuclear energy compre-
hensive utilization still faces numerous challenges, including
untapped technological potential, limited application fields,
the need for improved economic viability, and the necessity
for enhanced market promotion and collaboration.

In the future, the nuclear energy industry will continue
to advance the development of advanced technologies and
innovative applications in the comprehensive utilization of
nuclear energy, intensifying research and development
efforts to capture technological high ground and drive
industrial implementation. It is expected that nuclear
energy comprehensive utilization will make greater progress
in the following areas:

Technological innovation and breakthroughs

With the continuous development of various reactor tech-
nologies, more efficient and safer technical support will be
provided for the comprehensive utilization of nuclear
energy. A range of advanced and cutting-edge technologies
will see innovative development. For example, intelligent

control technologies for nuclear energy comprehensive uti-
lization, pressurized water reactor coupling with multiple
high-temperature heat sources for steam supply, heating
and cooling technologies based on waste heat, coupling
high-temperature steam electrolysis hydrogen production
technology, and efficient seawater desalination methods.
Additionally, there is a need for further development of
smart energy system technologies, as well as methods and
models for economic evaluation.

Expansion of application fields

The application fields of nuclear energy comprehensive uti-
lization will continue to expand, not limited to traditional
industrial steam supply and heating, but also potentially
applied to data centers, transportation, agriculture, and
other areas. For instance, in the data center sector, nuclear
energy can provide stable electricity and cooling water,
reducing the energy consumption and carbon emissions of
data centers; in the transportation sector, nuclear hydrogen
production can supply clean hydrogen fuel for fuel cell
vehicles, promoting the green transformation of the trans-
portation industry; in agriculture, nuclear energy can assist
in aquaculture, mangrove cultivation, and the production of
pesticides and fertilizers. In terms of application forms, as
technology progresses, existing and planned power plants
will use multiple technical routes to provide comprehensive
energy supply to surrounding areas, forming a green inte-
grated development model.

Enhanced economic viability and cost reduction

With technological advancements and scaled application,
the economic viability of nuclear energy comprehensive
utilization will be significantly improved, giving it a com-
petitive edge in the market. Furthermore, by optimizing
design, applying intelligent technologies, increasing the
domestic production rate of equipment, and reducing oper-
ational and maintenance costs, the investment and opera-
tional costs of nuclear energy comprehensive utilization
projects can be further lowered, enhancing their economic
benefits and market competitiveness.

4 Recommendation
Increase R&D investment and innovation

Greater investment should be made in the research and
development of comprehensive nuclear energy utilization
technologies to promote breakthroughs and innovations in
key technologies. Priority support should be given to the
development of advanced reactor types such as HTGR,
SMR, and advanced PWR technologies. Additionally, it is
important to strengthen the transformation and application
of scientific and technological achievements, and to enhance
international cooperation and exchange of experiences to
capture the technological high ground in the comprehensive
utilization of nuclear energy.

Improve Regulatory and Standard System: Establishing
and perfecting the standard system for the comprehensive
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utilization of nuclear energy is an important foundation for
promoting its development. Firstly, it is necessary to
formulate and improve technical standards for the compre-
hensive utilization of nuclear energy, covering various
aspects such as steam supply, heating, hydrogen production,
and seawater desalination, to ensure the reliability and
consistency of nuclear energy comprehensive utilization
technologies. Secondly, strengthen the construction of safety
standards for the comprehensive utilization of nuclear
energy by establishing strict safety regulations and operat-
ing procedures to ensure its safety and controllability. In
addition, improve the economic evaluation standards for
the comprehensive utilization of nuclear energy by establish-
ing a scientific and reasonable economic evaluation index
system and methods, to provide a basis for investment
decisions and economic evaluations of nuclear energy
comprehensive utilization projects, and promote the
improvement of their economic benefits and sustainable
development.

Strengthen industry collaboration and cooperation

Promote the deep integration of nuclear energy with related
industries and enhance cooperation along the industrial
chain to facilitate the implementation and application of
nuclear energy comprehensive utilization projects. Use
technology as a driving force to lead demonstration applica-
tions, further strengthen communication and cooperation
with local governments and high-energy-consuming indus-
trial clusters, enhance publicity and promotion, and collab-
orate with relevant departments and enterprises to promote
the planning and implementation of nuclear energy compre-
hensive utilization projects. Conduct surveys and prelimi-
nary work around key plant sites to understand user
characteristics and advance development and application
on-site, effectively tapping into the potential of nuclear
energy and leveraging its advantages. Strengthen coopera-
tion between nuclear energy equipment manufacturing
enterprises and nuclear energy operating enterprises to
improve the performance of key equipment such as heat
exchangers and turbines, reducing equipment costs and
operational costs. Better serve China’s energy green and
low-carbon transformation, making greater contributions
to sustainable development.

Strengthen talent cultivation and team building

The development of nuclear energy comprehensive utiliza-
tion requires a large number of interdisciplinary talents
and technical teams. It is necessary to strengthen the train-
ing and team building of relevant talents to improve their
overall quality and innovation capabilities. For example,
enhance the construction of nuclear energy-related majors
in universities and research institutions to cultivate high-
quality talents in nuclear energy comprehensive utilization;
strengthen technical training and talent cultivation in
nuclear energy enterprises to improve the professional level
and innovation capabilities of technical teams; establish
mechanisms for the introduction and incentive of nuclear
energy comprehensive utilization talents to attract and
retain outstanding talents, providing a talent guarantee

for the development of nuclear energy comprehensive
utilization.

Strengthen popularization and public communication

The comprehensive utilization of nuclear energy encom-
passes multiple domains, including electricity generation,
heat supply, seawater desalination, and hydrogen produc-
tion, thereby conferring significant advantages in terms of
energy efficiency and decarbonization environmental bene-
fits. Moreover, its integration with other industries and
proximity to the public are increasingly pronounced. How-
ever, public perception of nuclear energy is often confined to
the electricity-generating function of nuclear power plants,
with a lack of comprehensive understanding of the potential
and safety of its comprehensive utilization. The existing
nuclear energy popularization and public communication
systems are inadequate in content and form, failing to meet
the public’s cognitive needs regarding the diversified
applications of nuclear energy. Therefore, incorporating
the comprehensive utilization of nuclear energy into popu-
lar science and public communication systems is not only
an imperative for the development of nuclear energy but
also a crucial measure to enhance public scientific literacy.
In the future, it is necessary to strengthen the interactive
communication between the comprehensive utilization of
nuclear energy and the public through more diversified
content, simplified language, and varied dissemination
formats, thereby creating a favorable social environment
for the sustainable development of nuclear energy. This will
facilitate the widespread application of nuclear energy tech-
nology and contribute to the realization of global energy
transition and sustainable development goals.
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