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Superconducting hybrid energy
transmission and storage system and its
projected impact on a sustainable
energy future
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Chonghao Zhu3, Siyuan Bao3, GuozhangWang3, Yang Zhan3, Lin Fu 3,5 & Boyang Shen 3,5,6

For the target of 2060 carbon neutrality, extensively increasing the utilisation of solar and wind
renewables poses a challenge in surplus energy compensation and multi-site long-distance power
transmission. In this article, we proposed a superconducting hybrid-energy transmission and storage
system, which can realise surplus energy absorption through large-scale liquid hydrogen production/
storage consumption and large-capacity multi-energy transmission. This article uses the real data of
renewable power generation and the real data of electricity generation/demand in provinces in China
to perform realistic technical and economic analysis. The results show the proposed hybrid-energy
systemcan potentially expand the existing renewable power generation capacity by 2 times and liquid
hydrogenproduction capacity by 4.8 times.Overall, the proposed systemcan expand the utilisation of
renewable energy through the large capacity energy transmission andenergy conversion/storage, and
solve the electricity generation-consumption imbalance in various regions and realise potential 100%
renewable energy demand-fulfilment.

It is estimated that carbon neutrality can be achieved in some countries by
2060 through a high proportion of renewable energy and decarbonisation
technologies1–3. Renewable energy technologies, in particular solar andwind
energy, have achieved rapid technological progress in the recent past4,5.
Large-scale offshore wind power utilisation has shown great potential in
energy transition6–8. The global deployment of photovoltaic andwindpower
has been re-optimised, and tried tominimise the levelised cost of electricity9.
With the rapid decline in the cost of renewable energy generation, high
percentages of renewable or even 100% renewables (using solar + wind
power to cover all energy demand in certain areas) are considered as an
effective approach to a net-zero carbon energy system in the future10,11.

However, renewable energy is intermittent, fluctuating, and random12.
In addition, climate variability influences renewable electricity supply and
hence the overall system reliability13. The large-scale grid integration with
renewable energyposes great challenges to the secure and stable operationof
energy systems13,14. Energy storage technology is an important method to
maintain the stability of the power system15–17, especially advanced energy

storage technologies with large capacity, fast response, and wide time-
scale18–20. As renewable energy usage increases, there is a need to increase the
allocation of transmission infrastructure from renewable energy sources to
central loadover longerdistances21, and smooth thefluctuationof renewable
energy output while keeping proper energy storage22.

At present, high-voltagedirect current (HVDC) transmission system is
the primary solutions to address generation-consumption gaps across dif-
ferent regions and long-distance electricity transmission challenges23.Cheng
et al.24 proposed an integrated transmission expansion framework that used
optimisation and geographic information system (GIS) tools to identify
long-distance HVDC routes. Ren et al.25 showed that ultra-high-voltage
transmission in China could significantly increase renewable electricity
production and raise the share of electricity in end-use energy consumption.
Shufian et al.26 analysed voltage source converter (VSC)HVDC and control
strategies for linking large offshore wind farms to onshore grids, offering
technical solutions to enhance stability and accommodate variable renew-
able generation over long distances. Despite these advantages, HVDC
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systems remain vulnerable to fault currents. Moreover, ultra-high-voltage
HVDCdeployment is constrainedbyhigh converter-station costs, extensive
land requirements, the need for advanced control technologies, and strict
corridor siting limitations.

Hydrogen (H2) canbe a clean feedstock andalso amajor energy carrier,
and using hydrogen can significantly reduce carbon emissions27. Europe
considers connecting energy networks through H2 corridors

28, enabling the
coupling of electricity and hydrogen to promote zero carbon29,30. However,
high-percentage renewable energy generation requires stronger transmis-
sion capacity, particularly for multi-site renewable energy sources31. Extra
long-distance power transmission is an important feature of future
renewable energy networks, and there are substantial obstacles such as land
acquisition and site selection, project cost sharing, and coordination
between regulators, which limit the expansion of extra long-distance
renewable energy transmission32–34.

High-temperature superconducting (HTS) cables have the advantages
of virtually zero-loss transmission, large energy transmission capacity and
compact configuration for long-distance installation, which is an ideal
transmission technology for future renewable energy systems35. Combining
a superconducting cable with a liquid hydrogen (LH2) pipeline can offer a
unique solution to simultaneously transmit two energies: electricity and
hydrogen36. In 2013, the hybrid energy transmission of LH2 and electricity
using superconducting cables was experimentally verified at an early
stage37,38. In recent years, researchers have begun to study the long-distance
transmission of hybrid-energy pipelines.A 30 kmsubmarine hybrid-energy
pipeline was designed from the offshore plant to the port of Ravenna,
transmitting both electricity and LH2

39. The European project SCARLET
planned to develop onshore and offshore electricity-hydrogen hybrid-
energy pipelines at the gigawatt level40,41. The conceptual schematic of the
cross-Pacific Ocean superconducting hybrid-energy pipeline was pre-
liminarily designed, which has the potential to meet the needs of long-
distance and large-scale energy transmission42.

We have also done upfront work on electricity-hydrogen hybrid-
energy pipelines, e.g. the core of the hybrid-energy pipeline (super-
conducting stacked cables) was experimentally fabricated and measured to
verify the high capability of electrical power transmission43–45, and more
complex cable/pipeline structures have been designed46–48; the structure
design of electricity-hydrogen hybrid-energy pipelineswas done, which can
transmit 15MW electricity+ 0.7 kg/s hydrogen49; the design of electricity-
hydrogen hybrid-energy systems to integrate the transportation systems
and renewable energy systems49–51.

The existing literatures of electricity-hydrogenhybrid-energy pipelines
mainly focus on the experimental works on short-distance samples, as well
as pipeline modelling with technical merit analysis in certain regions. The
main contributions of this article are:

(1)This article uses the real dataof renewablepower generationand the
real data of electricity generation/demand.We proposed a superconducting
hybrid-energy transmission and storage system to investigate how it can
solve the loss problem of simultaneous electricity-hydrogen multi-energy
transmission, and how to compensate for the surplus renewable energy.

(2) For the target of 2060 carbon neutrality and potential 100%
renewable energy demand-fulfilment, this article shows how the proposed
system can enlarge the utilisation of renewable energy regarding the large-
capacity energy transmission and energy conversion/storage, and also
shorten the electricity generation-consumption gap.

Results
Background and proposed hybrid-energy system
The research object of this article is the current and future energy system of
China. The country's area is around 9,600,000 km2, whose size and geo-
graphic diversity are comparable to Europe, and the size and energy feature
diversity of each province are also comparable to each European country.
The research object reaches a certain level of universal significance.

The article included the real data of wind/solar and other renewable
power generation, as well as the real data of the electricity generation and

demand of all the provinces in the country. The distribution of the
electricity generation-consumption gap in 31 provinces (in the Chinese
Mainland) in the first half of 2024 is shown in Fig. 1a. The total electricity
consumption in the country was 4,688.45 billion kWh, and the total power
generation was 4,219.62 billion kWh52. Among them, fossil-fuel power
generation accounts for 67% of the total power generation, and wind and
solar power generation account for 14.8%. Jiangsu, Zhejiang, Guangdong
and other 17 regions consume more electricity than power generation, and
require extra inter-provincial power supply. However, Neimenggu had the
highest renewable energy generation capacity due to its favourable geo-
graphical advantages. Imbalanced energy generation and demand can be
clearly seen.

Renewable energy generation (mainly wind and solar power) is esti-
mated to increase up to 600% between 2020 and 2060, and is expected to
account for about 80% of total electricity generation53,54. By contrast, the
fossil-fuel power is projected to fall from over 60% to just 7.5%. However,
renewable energy generation is intermittent and fluctuating. Figure 1b
presents the total capacities of wind and solar power in 2024 and their
projected capacities for 2060. The 2060 values were estimated as six times
the wind and solar generation in 2024. The green and red shaded areas
indicate the incremental contributions from wind and solar power,
respectively.

The electricity generation-consumption gap in 31 provinces in 2024
and2060 is illustrated inFig. 1c.With an increasingproportionof renewable
energy generation, Neimenggu, Yunnan and Gansu have more surplus
energy, but the generation-consumption gap in zones like Shanghai, Jiangsu
and Zhejiang is even larger.

Figure 1d, e showsmaps of the electricity generation-consumption gap
in 31 provinces in 2024 and 2060. Energy-scarce provinces require greater
energy supply, while provinceswith excess renewable energy require greater
energy export capacity. We proposed a superconducting hybrid-energy
transmission and storage system, which can use superconducting cables to
transmit electricity and hydrogen, and simultaneously compensate surplus
renewable energy and store hydrogen energy.

The demand for energy transmission, and the proposed super-
conducting hybrid-energy transmission routes in 2060 are shown in Fig. 2.
The proposed hybrid energy system can transmit energy from the provinces
with redundant energy to theprovinceswith energy shortage, and effectively
solve the problem of renewable energy compensation and transmission.
Figure 2 shows the geographical schematics of the proposed super-
conducting hybrid-energy transmission and storage, which needs to be
reasonably designed according to the actual energy demand of each region
to achieve economic and flexible energy coordination.

Energy storage, transportation, and distribution within and across
regions should follow a unified system-planning framework to enhance
overall allocation efficiency and operational security. At the intra-urban and
regional scale, renewable energy-richhubs (such aswind and solar-basedH2

production sites) can serve as core nodes, interconnected by a super-
conducting hybrid-energy pipeline to form multi-node, closed-loop trans-
mission networks. These configurations enable flexible energy
redistribution among load centres, provide redundancy, and improve sys-
tem reliability.

At the inter-city or inter-provincial scale, energy transmission should
primarily serve nearby demand, following the principle of local consump-
tion with complementary exchange. Under this approach, surplus energy is
transmitted from resource-abundant areas to neighbouring deficit regions,
reducing transmission losses while alleviating local supply-demand
imbalances.

For cross-regional and long-distance transmission, systemdesignmust
balance large-scale transmission requirements with geographical, hydro-
logical, ecological and existing infrastructure constraints. Optimising
transmission routes and capacity allocation, together with appropriate
structural design of a superconducting hybrid-energy pipeline, is essential
for establishing an efficient, secure and coordinated interregional energy
transmission system.

https://doi.org/10.1038/s44458-026-00077-z Article

Communications Sustainability |            (2026) 1:77 2

www.nature.com/commssustain


Fig. 1 | Electricity generation/consumption situation in 31 provinces (in the
ChineseMainland). aElectricity generation and consumption in 31 provinces in the
first half of 2024. b Total capacities of wind and solar power in 2024 and their
projected capacities for 2060. c Electricity generation-consumption gap in each

province in 2024 and 2060. dMap of the electricity generation-consumption gap in
each province in 2024. eMap of the electricity generation-consumption gap in each
province in 2060.
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Case study
Chongming Island in China is rich in wind/solar resources, and Fig. 3a
shows a schematic of the superconducting hybrid-energy transmission and
storage system for the entire region. The red and blue dots represent energy
nodes that connect hybrid-energy pipelines and distributemulti-energies to
corresponding loads. The renewable energy in the Chongming area will be
linked in the form of hybrid-energy pipelines to connect renewable sources
and energy nodes, so as to achieve 100% renewable energy generation and
utilisation in the region. The part with the red dot connection is used to
design and evaluate further.

The design of a superconducting multi-energy storage and transmis-
sion system for electricity+ hydrogen is illustrated in Fig. 3b. Wind/solar
renewable energy is used to generate electricity, and a portion of it is
transmitted to sites via superconducting cables. The remaining power is
used toproduce LH2 throughwater electrolysis, and it is stored inLH2 tanks,
and at the same time, LH2 is used as a cooling medium for HTS cables,
realising the integration of electricity/hydrogen transmission and storage.
Figure 3c shows thenode connections of the entire superconductinghybrid-
energy transmission and storage system (corresponding to the part of the
red dot connection in Fig. 3a. Assuming that the transmission distance of
each node is 10 km, cooling stations are installed at each node to re-cool the
LH2at the standardoperating temperature.Node1, node2, node6andnode
10 need to supply their loads with electricity, 42MW in total. The LH2

within this transmission system is 13,800 kg.

Technical analysis of a hybrid-energy pipeline
The typical amount of electricity generated per day, and the amount of
electricity that needs to be supplied timely by wind/solar renewables are
plotted inFig. 4a.Among them, the electricity from1 to5 and19 to24 h is all
provided by wind power, and the electricity from 8 to 16 h is all provided by
solar power. At 6, 7, 17 and 18 h, 30MW electricity is provided by wind
power and 12MWby photovoltaic power. The remaining electricity is used
to electrolyse water to produce LH2 for energy storage.

The LH2 produced by surplus renewable energies is shown in Fig. 4b.
Among them, 6656.6 kg of LH2 is produced bywindpower, and 6840.5 kg is
by solar power. The total transmission distance is 100 km, the power rate of

the superconducting cable is 10 kV/5 kA, and the transmission capacity of
LH2 is 0.16 kg/s. To summarise, the proposed hybrid-energy transmission
and storage system can utilise renewable energy with higher capacity and
successfully compensate surplus energy, and efficiently transmit electricity-
hydrogen hybrid-energy.

For electric energy transmission, superconducting cables can have a
maximum current of 10 kA and a maximum transmission capacity of
100MW, which is twice the existing capacity. For LH2 transmission, the
maximum mass flow rate is 1.4–4.8 times that of the existing one (see
Methods section). As shown in Fig. 5a, as renewable energy capacity
increases in the future, the capacity of the hybrid-energy pipeline can
increase from the grey zone to the green zone. Without additional trans-
mission equipment for electricity and LH2, larger-capacity and inter-region
transmission of multi-energy can be realised.

The conventional transmission of electricity uses an AC 110 kV cable
(LGJ-240/30) with an AC resistance of 0.062Ω/km46, and a simple calcu-
lation of the transmission loss is 2001.7 kW. According to the substation
standard, the loss of a 10 kV–110 kV substation system is 158 kW55. For a
50MW case with the distance 100 km, conventional transmission systems
have a total loss of 2317.7 kW, while the heat load of the hybrid-energy
transmission system is 166.4–199.8 kW and the transmission loss of the
proposed system is about 16,640–19,980 kW (factor of 100 at cryogenic
temperature 20 K). Figure 5b shows the transmission losses for the 50MW
and the 100MWcases. In the case of increasing the transmission capacity to
100MW, the transmission loss of the hybrid-energy pipeline system
remains almost unchanged (17,640–20,080 kW), while the conventional
transmission loss is 8322.67 kW.

Economic analysis of a hybrid-energy pipeline
This section evaluates the capital expenditure (CAPEX) and operational
expenditure (OPEX) of the proposed hybrid-energy pipeline systems to
assess their economic benefits. The cost-benefit analysis includes the
calculation of indicators such as levelized cost, levelized value, net pre-
sent value and internal rate of return56. The definition of these indicators,
as well as the related equations, can be found in a previous
publication57,58.

Fig. 2 | Demand for energy transmission, and the
proposed superconducting hybrid-energy trans-
mission routes in 2060.
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The total levelized cost (TLC) refers to the total cost of the transmission
systems, including both the CAPEX and OPEX. The CAPEX occurs at the
beginning of the project, while the OPEX is discounted as shown in Eq. (1).

TLC ¼ CAPEX þ
Xn
k¼1

OPEX

1þ ic
� �k ð1Þ

where n is the life of the transmission system (years); k is the calculated
value on an annual basis; ic is the discount rate. CAPEX includes the
main components of the proposed hybrid-energy pipeline system

(electrolyser system, HTS cables, cryopipes and cooling station) and the
values selected for the OPEX are presented in Table 1. The HTS cable
structure adopts a configuration with an inner diameter of 0.08 m.
Detailed calculations of the copper, electrical insulation, stainless steel,
and multi-layer insulation costs were provided in Eqs. (8–15) in the
Methods section.

The conventional electricity transmissionuses a high-voltageACcable.
Table 2 shows the capital costs and the operating costs of a 110 kV con-
ventional transmission system59. At present, hydrogen ismainly transmitted
by H2 trailers, H2 pipelines and LH2 tankers.

Fig. 3 | Proposed hybrid-energy system and a case study. a Proposed super-
conducting hybrid-energy transmission and storage system for Chongming, China
(the map section was redrawn by the authors with the basic map background by
Shanghai Chongming Government, https://www.shcm.gov.cn/bmpd/019001/

019001003/20240321/f69f80a9-1dbf-4f45-a037-4c004d6338af.html). b Design of
superconducting multi-energy storage and transmission system for electricity+
hydrogen. c Node connections of the entire superconducting hybrid-energy trans-
mission and storage system.

https://doi.org/10.1038/s44458-026-00077-z Article

Communications Sustainability |            (2026) 1:77 5

https://www.shcm.gov.cn/bmpd/019001/019001003/20240321/f69f80a9-1dbf-4f45-a037-4c004d6338af.html
https://www.shcm.gov.cn/bmpd/019001/019001003/20240321/f69f80a9-1dbf-4f45-a037-4c004d6338af.html
www.nature.com/commssustain


Table 3 shows the capital costs of four different H2 transmission sys-
tems and the operating costs60,61:

a. Conventional cable+H2 trailer
b. Conventional cable+H2 pipeline
c. Conventional cable+ LH2 tanker
d. LH2 superconducting energy pipeline
The costs of energy transmission by the proposed hybrid-energy and

conventional systems are shown in Fig. 6. Figure 6a shows the annual

investment cost of a 50MWelectricity+ 100MWwater electrolysis system
and a 100MWelectricity+ 500MWwater electrolysis system at a discount
rate of 6%. For a small transmission capacity, the investment cost of the
proposed hybrid-energy system is approximately two to three times that of
the conventional single transmission mode separating electricity and
hydrogen. For large transmission capacity, the investment cost of the pro-
posed hybrid-energy system is 1.2 to 1.3 times that of conventional
transmission.

Fig. 4 | Wind/solar energy generation and surplus
energy compensation. a Typical amount of elec-
tricity generated per day, and the amount of elec-
tricity that needs to be supplied timely by wind/solar
renewables. b LH2 produced by surplus renewable
energies.

Fig. 5 | Renewable energy generation capacity and
transmission loss. a Renewable energy generation
by conventional and the proposed system.
b Transmission losses for 50 and 100MW cases.

Table 1 |Capital costs andannual operatingcostsof theproposedhybrid-energy system (10 kAHTScable and0.08mmcryostat
inner diameter)

Category Parameter Unit cost Quantity Cost/M$

H2 production
80,81 Electrolyser 4 k$/kW 100 MW 400

Liquefier 4 k$/kg 13,800 kg 55.2

HTS cable77 Copper 5.6 k$/ton 351.68 ton 1.97

MgB2 wire 5 $/kA·m 2 × 10 × 100 kA·km 10

Electrical insulation 10 k$/ton 179.6 ton 1.8

Cable fabrication* 500 k$/km 100 km 50

Energy pipeline77 Stainless steel for cryopipes 5.5 k$/ton 2514.92 ton 13.83

Multi-layer insulation (25 layers) 27 $/m2 777,150 m2 20.98

Pipeline fabrication** 10 k$/km 100 km 1

Cooling station42 Cooling cost*** 50 M$/unit 10 unit 500

Supporting cost82 Labour 1000 k$/km 100 km 100

Crossing engineering 700 k$/km 100 km 70

Auxiliary 50 k$/km 100 km 5

Total capital cost (factor of 1.2) 1475.74

Transmission loss and annual operating cost 19,980 kW 0.1 $/kWh 17.5 M$/a
*Cable fabrication costs include structural design cost, material processing cost, labour cost, etc.
**Pipeline fabrication costs include structural design cost, material processing cost, pipeline welding cost, testing cost and labour cost, etc.
***Cooling station has 20,000W heat load and the RDK-500B Cryocooler Series (40W@20 K). Considering the construction cost of the cooling station, the equipment cost is about twice.

https://doi.org/10.1038/s44458-026-00077-z Article

Communications Sustainability |            (2026) 1:77 6

www.nature.com/commssustain


Sensitivity analysis
This section examines the sensitivity of total system investment costs to the
variations in electricity price, discount rate, and the costs of key components.
Electricity prices are varied in the rangeof 0.05–0.2 $/kWh, and the discount
rate is varied from0%to10%.Toaccount fornear-termcost uncertainty, the
costs of major components (electrolyser, liquefier, MgB2 wire, and cooling
station) are assumed to range between 0.5 and 1.0 times their current
baseline values.

Figure 6b illustrates the investment cost of a 100MW electricity+
500MWwater electrolysis system under discount rates from 0 to 10%. The
shaded region indicates the cost envelope, with the upper and lower bounds
corresponding to discount rates of 0 and 10%, respectively. As the discount
rate increases, the discounted investment cost decreases monotonically.
When the discount rate exceeds 3.5%, the proposed hybrid-energy trans-
mission system shows the highest investment cost among the considered
configurations. If the discount rate is not considered, the investment cost of
the proposed hybrid-energy system gradually becomes lower than that of
the single transmission mode.

Figure 6c shows the investment cost of the 100MW electricity+ 500
MW water electrolysis system at a discount rate of 6% under varying elec-
tricity prices. The shaded region represents electricity prices ranging from
0.05 to 0.2 $/kWh, corresponding to the lower and upper bounds, respec-
tively. As electricity prices decrease, the cost difference between the hybrid-
energy transmission system and conventional transmission progressively
narrows. The sensitivity to electricity prices reflects the strong dependence
on the generation scale and load-side electricity demand.

In addition to electricity price uncertainty, the investment costs of
major system components are expected to decline with increasing market
penetration and technological maturation. Figure 6d illustrates the invest-
ment costs of the100MWelectricity+ 500MWwater electrolysis systemat

a discount rate of 6% and an electricity price of 0.1 $/kWh under different
equipment cost assumptions. For the proposed hybrid-energy system, the
lower bound assumes a 50% reduction in the costs of the electrolyser,
liquefier, MgB2 wire and cooling station, whereas for conventional systems,
the lower bound considers a 50%reduction in electrolyser and liquefier costs
only. The results indicate that when the initial investment cost of the pro-
posed system falls below 3000M$, it becomes economically competitive
with traditional energy transportation configurations. As future technolo-
gies mature, the investment cost of the proposed system is expected to
become even more acceptable to the market.

High-capacity energy transmission analysis
As shown in Fig. 5b, at a transmission capacity of 100MW (110 kV),
the conventional transmission system exhibits lower losses than the
hybrid-energy transmission system. However, the proposed hybrid-energy
transmission system offers greater flexibility for capacity scaling. Owing
to the virtually zero resistance of HTS cables, increasing the transmission
capacity at a given current rating primarily requires an increase in the
electrical insulation thickness. Kim et al.62 reported that a 220 kV DC
HTS cable requires an insulation thickness of approximately 9mm.
Since the voltage level considered in this study is much lower (10 kV), the
additional investment cost associated with voltage upscaling can be
neglected.

Figure 7a shows the transmission loss of conventional transmission
and the proposed hybrid-energy transmission system over a distance of
100 km for different power capacities. The loss calculation methods for the
hybrid-energy transmission and conventional systems are given in the
Methods section. At transmission capacities below 200MW, conventional
cables exhibit lower losses. At higher power levels, the hybrid-energy
transmission system becomes increasingly advantageous. At a transmission
capacity of 500MW, the transmission losses of the conventional trans-
mission and hybrid-energy transmission system are ~50.04 and 20.08MW,
respectively.

Figure 7b further compares the investment costs of the proposed
hybrid-energy transmission system and conventional transmission of a
500MW electricity+ 500MW water electrolysis system at a discount rate
6% and an electricity price of 0.1 $/kWh. The investment cost of the power
transmission system is estimated as ten times the baseline values listed in
Table 2. The results indicate that the hybrid-energy transmission system
achieves the lowest overall transmission cost after 6.5 years.

Impacts on shortening generation-consumption gaps
The analysis above has verified the technical advantages of the proposed
hybrid-energy system in a region. If the proposed system is widely used for
hybrid-energy transmission and storage in the entire country, the power
generation-consumption gap of all provinces in 2060 can be efficiently
improved, as shown in Fig. 8a. Two scenarios are defined. Scenario A (light
yellow bar): conventional energy system (80% renewable energy); Scenario
B (dark green bar): the proposed hybrid-energy system (100% renewable
energy, transmission loss reduces 5% of the gap). The proposed hybrid-
energy system can increase the capacity of renewable energy consumption
and can potentially achieve 100% renewable energy utilisation. On the one
hand, it enables some provinces to reduce their dependence on external
electricity supply, such as Jiangsu,Zhejiang,Anhui, etc.On theotherhand, it
enables the redundancy of electricity demand from shortages in some
provinces, such as Liaoning, Shandong, Henan, etc.

Maps of the energy transmission demand of each province under two
scenarios are illustrated in Fig. 8b, c. The proposed system can effectively
shorten the generation-consumption gap and relieve energy demand from
inter-provinces transmission. Figure 8b shows the map of the energy
transmission demand of each province in 2060 with a conventional energy
system, while Fig. 8c shows the map of the energy transmission demand of
each province in 2060 with the proposed hybrid-energy system. The pro-
posed systemwith advanced energy transmission/storage technology is able
to alleviate the energy imbalance of all provinces in the country. The

Table2 |Capital costsandannual operatingcostsof the110 kV
conventional transmission system (50MW case)

Parameter Unit cost Unit Quantity Cost / M$

Substation (10 kV/110 kV)83 5 M$/unit 2 unit 10

Cable (LGJ-300)84 90 k$/km 3 × 100 km 27

Land expropriation and
cleaning84

165 k$/km 100 km 16.5

Labour83 100 k$/km 100 km 10

Total capital cost (factor of 1.5) 95.3

Transmission loss and
annual operating cost

2317.7 kW 0.1 $/kWh 2.03M$/a

Table 3 | Capital costs and annual operating costs of the H2
production/transmission system (100MW water electrolysis
system)

Parameter Unit cost Quantity Cost / M$

Electrolyser80 4 k$/kW 100 MW 400

Liquefier81 4 k$/kg 13,800 kg 55.2

H2 Trailer
85,86 120 k$/unit 50 unit

(280 kg/unit)
6

H2 transmission
(trailer)87

1.2 $/kg 13,800 kg/day 6.04M$/a

Pipeline construction87 500 k$/km 100 km 50

H2 transmission
(pipeline)87

0.2 $/kg 13,800 kg/day 1.01M$/a

LH2 tanker
85,86 500 k$/unit 4 unit

(4000 kg/unit)
2

LH2 transmission (LH2

tanker)87
2 $/kg 13,800 kg/day 10.1M$/a
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proposedhybrid-energy systemcan reduce energy shortages in thenorthern
part of the country, particularly the regions near the capital city of Beijing.

The total electricity generation by the conventional energy system and
the proposed hybrid-energy system in Shandong Province in 2060 is illu-
strated in Fig. 8d, and the pink line represents the electricity demand. In the

case of carbon neutrality in the future, the proportion of renewable energy
power generation will be higher than 80%. However, the generation-
consumption gap still cannot be fixed in some high-energy-demand regions
such as Shandong and Jiangsu. Future work requires optimisation based on
actual energy demand characteristics.

Fig. 6 | Costs of energy transmission: the proposed hybrid-energy system vs the
conventional system. a 50MW electricity+ 100MWwater electrolysis system and
100MW electricity+ 500MW water electrolysis system at a discount rate of 6%.
b 100MW electricity+ 500MW water electrolysis system with different discount
rates from 0 to 10%%. c Investment cost of a 100MW electricity+ 500MW water

electrolysis system at a discount rate of 6% under varying electricity prices.
d Investment cost of a 100MW electricity+ 500MW water electrolysis system at a
discount rate of 6% and an electricity price of 0.1 $/kWh under different equipment
cost assumptions.

Fig. 7 | Transmission loss and investment cost of
different transmission systems. a Transmission
loss of conventional transmission and the pro-
posed hybrid-energy transmission system over a
distance of 100 km for different power capacities.
b Investment costs of the proposed hybrid-energy
transmission system and conventional transmission
of a 500 MW electricity+ 500MW water electro-
lysis system.
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Fig. 8 | Contribution of the proposed hybrid-energy system: shorten the elec-
tricity generation-consumption gap and realise potential 100% renewable energy
demand-fulfilment. a Power generation-consumption gap of 31 provinces in 2060.
bMap of the energy transmission demand of each province in 2060 with a

conventional energy system. cMap of the energy transmission demand of each
province in 2060 with the proposed hybrid-energy system. d Total electricity gen-
eration by the conventional energy system and the proposed hybrid-energy system
in Shandong province in 2060.
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If the proposed hybrid-energy system is adopted, (1) More renewable
energy can be properly utilised for power generation and the electricity
generated by renewables can be greater; (2) at the same time, the surplus
renewable energy can be used to produce LH2 for energy storage; (3) the
problem of transmission loss can be greatly relieved. Overall, the proposed
hybrid-energy system can balance electric energy generation and con-
sumption, and 100% renewable energy generation and energy demand-
fulfilment inside the region can potentially be achieved.

Discussion
In the large-scale deployment of the proposed hybrid-energy transmission
system, environmental and safety considerations constitute critical design
constraints. LH2 is characterised by an extremely low boiling point (20.3 K)
and awide flammability range, resulting in leakage, dispersion, and ignition
behaviours that differ fundamentally from those of conventional energy
carriers. In pipeline-based transmission, these risks necessitate the inte-
gration of multi-layer sealing architectures, continuous H2 leak detection,
and rapid isolation and venting mechanisms to mitigate fire and explosion
hazards associated with the release of cryogenic H2

63. Compared with high-
pressure H2 transmission, LH2 pipeline operates at lower pressures for an
equivalent energy throughput, thereby partially alleviating transient risks
arising from mechanical failure. However, the cryogenic operating condi-
tions imposemore stringent requirements onmaterial toughness and long-
term operational sealing reliability, thereby introducing additional limita-
tions for safe and durable system operation64.

From an environmental perspective, the hybrid-energy transmission
system produces negligible direct greenhouse gas emissions during opera-
tion. Its overall environmental performance is thus primarily governed by
the H2 production pathway and the energy efficiency of the associated
cryogenic cooling system. Large-scale LH2 production and its supporting
infrastructure can impose notable environmental impacts when assessed
from a life cycle perspective, primarily due to the high-energy demand,
greenhouse gas emissions from upstream energy supply, and resource use
for electrolysers, liquefaction units and cryogenic materials. Even for green
H2, the construction and operation of liquefaction plants, storage tanks, and
transportation networks contribute to emissions, land use and material-
related environmental burdens. Consequently, the environmental benefits
of LH2 also depend on deep decarbonisation of the energy system and
proper infrastructure planning65.

The long-term reliable operation of the proposed hybrid-energy
transmission system mainly has three key challenges:

(1) Cryogenic pipeline structure. Efficient thermal isolation and low
heat ingress are essential for long-distance cryogenic pipelines, especially
when conveying LH2 over hundreds of kilometres. In such systems, a
vacuum jacketedmulti-layer insulation (MLI) structure has been adopted66,
where an interstitial high vacuum virtually eliminates convective heat
transfer and the multiple reflective layers significantly suppress radiative
heat loads, resulting in very low overall thermal conductivity under high
vacuum conditions. Beyond direct LH2 cooling, several studies have pro-
posed indirect cooling architectures to further enhance thermal stability and
safety. For example, some designs placed the HTS cable inside a helium-
filled containment tube to achieve indirect cooling, with LH2 flowing in an
outer layer67. Alternative concepts introduced a liquid nitrogen (LN2)
thermal shield surrounding the LH2 channel, thereby reducing heat leakage
from the external environment68. Experimental studies conducted in Russia
compared the thermal performance of three cryostat configurations
(vacuum insulation, LN2 shielding, and LH2 self-boil-off cooling) over
segments of ~10m38. The results indicate that active LH2 evaporation
cooling can provide the most effective thermal insulation among the tested
approaches.

(2) Real-timemonitoring technology. At the operational level, the high
degree of integration between LH2 infrastructure and HTS components
necessitates interdisciplinary monitoring and control strategies69. These
include real-time cryogenic thermal management, H2 safety surveillance,
and continuous diagnostics of the superconducting electrical state. As

transmission scales increase, digitalised operational frameworks and pre-
dictive maintenance approaches are expected to play a central role in
ensuring long-term system stability and reliability.

(3) Systemreliability andmodulardesign.During long-termoperation,
unavoidable thermal cycling and load fluctuations impose cumulative
stresses on cryogenic structural materials, insulation layers, and vacuum
insulation systems. Key reliability challenges include low-temperature
fatigue, thermal contraction mismatch between dissimilar materials, and
progressive degradation of sealing performance, all of which can limit sys-
tem lifetime70. Toenhance fault tolerance andoperational resilience, system-
level strategies such as redundant refrigeration architectures, segmented
isolation, and modular pipeline design are essential to localise failures and
prevent cascading impacts.

Overall, the proposed hybrid-energy transmission system offers sub-
stantial potential for large-scale, low-loss, and low-carbon energy trans-
portation. However, its engineering feasibility depends not only on
technological maturity but also on a range of interrelated factors, including
environmental and safety considerations, cryogenic reliability, and long-
term operational stability. Strengthening standards and regulatory frame-
works for LH2 production, storage, transportation, and safety is therefore
essential to ensure cost-effective and reliable system operation. Future
research should advance in a coordinatedmanner across system integration,
safety standards, cryogenic materials, and operational strategies to enable
the large-scale deployment of the proposed hybrid-energy transmission
system.

Conclusions
This paper proposed a superconducting hybrid-energy storage and trans-
mission system to address regional energy deficits, as increasing penetration
of renewable energy was expected to exacerbate regional supply-demand
imbalances. We quantified current energy shortfalls across regions and
assessed future imbalance trends under high renewable integration. Based
on case studies, a structural model of the hybrid-energy pipeline and a
comprehensive techno-economic assessment framework were developed.
The proposed system was evaluated against conventional methods,
including conventional electrical power cable transmission, H2 transpor-
tation by trailers and pipelines, and LH2 tanker transportation, while
accounting for uncertainties in discount rate, electricity price, and major
equipment investment costs. The results indicated that for a transmission
distance of 100 km, the proposed hybrid-energy transmission system
(500MW electricity+ 500MW hydrogen) demonstrated clear economic
advantages over conventional options. However, transmission capacity and
distance remain key constraints affecting both economic viability and
operational reliability. Under current configurations, the system investment
cost remained relatively high. Looking ahead to 2060, the same system
configuration would accommodate up to twice the electricity and 4.8 times
the hydrogen throughput without additional capital investment, high-
lighting its strong scalability potential. With continued advancements in
LH2 and HTS cable technologies, as well as supporting infrastructure, the
proposed system could provide a viable and flexible solution for managing
variability and regional energy deficits in future energy systems with high
shares of renewable generation.

Methods
Structural design of the main hybrid-energy pipeline
Upfront work on the proposed hybrid-energy system has already been
established, including the modelling and experimental work43–51. As shown
in Fig. 3c, the capacity and size of the hybrid-energy pipeline need to be
redesigned at different nodes, and this paper takes the annular storage and
transportation pipelines as an example to carry out the transmission
capacity and loss analysis.

Based on the parameters in the case study, the structure of the hybrid-
energy pipeline is designed. Figure 9a shows the structure of the hybrid-
energypipeline,which ismainly composedof a superconducting cable, LH2,
and a cryostat. From the inside to the outside, the HTS cable has the copper
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layer, the insulating layer and the superconducting layer of the positive and
negative electrodes, the insulating layer and the copper layer. From the
inside to the outside, the cryostat can be divided into an inner wall, multi-
layer vacuum insulation, and an outer wall.

There are several commercial superconducting materials: BSCCO,
YBCO and MgB2 wires71,72. MgB2 superconducting wires have a price
advantage over BSCCO and YBCO wires. According to the situation of
existing superconducting cable projects, the total cost of the MgB2 super-
conducting cable system is much lower than that of the BSCCO or YBCO
superconducting cable systems, even when the cooling cost is taken into
account. Therefore, considering the cost-effectiveness of superconducting
wires in the LH2 operating temperature region,MgB2wireswere selected for
the proposed system.

Considering the thermal stability, in case the cable is short-circuited
occasionally, a copper former should be used to stabilise the transient
temperature around theHTS tapes. Theminimumcross-sectional area Smin

of the former copper can be estimated by49:

Smin ¼
I1

ffiffiffiffiffi
teq

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cpcuρcu
αρrcu

ln 1þαðTs�ðT1�THÞÞ
1þαðTc�ðT1�THÞÞ
� �r ð2Þ

where I∞ is the steady-state fault current; teq is the equivalent fault time
duration;Cpcu is the specific heat of copper under a constant pressure, 195 J/

kg·K; ρcu is the copper density, 8960 kg/m
3; α is the temperature coefficient,

0.004 K−1; ρrcu is the copper resistivity at an initial temperature Tc of 20 K,
0.0395 μΩ·m;Ts is the allowable temperature during the fault, 150 K.T1 and
TH are the room and LH2 operating temperatures, respectively. The fault
current is three times the rated current, with a fault duration of 1 s. Taking
into account the processingmargin, the inner diameterof the copper former
is 0.015m.

The schematic of anMgB2 superconducting cable is shown inFig. 9a. It
consists of a copper core, an iron barrier and 12 twisted filaments immersed
in a Monel matrix73. The superconducting fraction of the wire is 0.15, and
the critical current Ic0 is about 555 A at 20 K. Jc(B) is the critical current
density obtained from the experimental characterisation of MgB2 wires at
20 K for fields up to 1.7 T74:

Jc Bð Þ ¼ Jc0 1� B
B1

� �
1þ B

B0

� ��α

ð3Þ

where B0 = 0.0339 T, B1 = 2.91 T, α = 0.232 and Jc0 = 3 × 109 A/m2. There
are 20MgB2 wires in the positive and negative superconducting layers, and
the maximum critical current is 13,302 A. The outer diameter of the
negative pole superconducting layer is 0.03m.

The design of the DCHTS cable system is carried out in the following:
MgB2 cable cooled with LH2. The coolant is introduced at one cooling
station at controlled temperatureTin and pressurePin and is re-cooled at the

Fig. 9 | Design and analysis of hybrid-energy pipelines. a Structure of the hybrid-energy pipeline. bOuter diameter and velocity for a given distance L between the cooling
stations. c Daily capacity of the hybrid-energy transmission with different diameters and flow rates.
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next station after adistanceL. The temperature at the outlet sectionmust not
exceed a proper limit, Tmax out, in order to assure appropriate performance
of the superconductor. Furthermore, the pressure must not be below a
proper limit of Pmin out in order to avoid the formation of bubbles, and
assure appropriate heat exchange conditions as well as appropriate per-
formance of the insulation in case of cold dielectric. The temperature range
is 17–25 K, and the pressure range is 0.5–2MPa.

It is assumed that the pipeline fluid is incompressible, and the cross-
section of flow is unchanged. The gradients of pressure and temperature
along the length are given by75:

ΔP
ΔX ¼ f HρHν

2
H

2 DH�D0ð Þ
ΔT
ΔX ¼ f Hν

2
H

2 DH�D0ð ÞCpH
þ 4q

π D2
H�D2

0ð ÞρHνHCpH

8><
>: ð4Þ

where DH is the outer diameter of LH2 layer; D0 is the HTS cable external
diameter (inner diameter of LH2 layer); vH is the LH2 average velocity; ρH is
the LH2 density; CpH is the specific heat at constant pressure, and fH is the
friction factor.

Equation (4) indicates that two degrees of freedom can be used for
regulating the average pressure and temperature gradients in the pipeline:
the outer diameter DH and the velocity vH of the liquid coolant (the inner
diameter is fixed by the electromagnetic design of the cable core). The iso-
gradient curves of LH2 in the DH-vH plane are shown in Fig. 9b.

The equation for calculating the mass flowmH of LH2 is:

mH ¼ AρHνH ¼ π

4
D2

H � D2
0

� �
ρHνH ð5Þ

At present, the daily transmission capacity of LH2 is 13,800 kg. If the
diameter of the LH2 layer is 0.06m, the transmission flow rate would be
1.06m/s calculated by Eq. (5). If the LH2 diameters are 0.06, 0.07 and 0.08,
respectively, the daily transmission capacity of LH2 at a flow rate of 1.5m/s
would be 19,457, 28,825 and 39,635 kg. At a flow rate of 2.5m/s, the daily
capacity of LH2 is 32,429, 48,042 and 66,058 kg, respectively.

The daily capacity of the hybrid-energy transmission with different
diameters and flow rates is shown in Fig. 9c. Based on the transmission of
13,800 kg per day, the maximum transmission capacity of the 0.06m dia-
meter at flow rates of 1.5 and 2.5m/s is 1.4 times and 2.3 times that of the
current level, while the maximum transmission capacity at flow rates of 1.5
and 2.5 m/s is 2.9 times and 4.8 times that of the 0.08mdiameter case.With
a high proportion of renewable energy in the future, the proposed hybrid-
energy system can fully utilise renewable energy, achieving local surplus
energy compensation and long-distance transmission.

The heat leakage Qcry of the LH2 cryostat is given by76:

Qcry ¼
2πλ TH � T l

� �
ln D3=D2

� � ð6Þ

whereD3 andD2 are the inner diameter of outer wall and outer diameter of
inner wall of the LH2 cryostat; λ is the equivalent heat conductivity of the
multi-layer thermal insulation. The heat insulation materials use 25-μm
aluminised mylar and 60-μm glass fabric. If the overall thickness is 10mm,
the heat leakage is 1.564W/m with the inner diameter 0.06m of the LH2

cryostat.
The total heat loadof thehybrid-energypipeline ismainly composedof

heat leakage from cryostats and heat leakage at the terminal heat of current
leads, ignoring the friction of LH2 flow

77–79.

Qtotal ¼ Qcry þ Qlead ð7Þ

where Qlead is the heat leakage of HTS current leads. The heat load of the
terminal current lead is 50W/kA. There are positive and negative leads, and
each lead has two terminals, so there is a total of four terminals, and the total

heat load is 1000W(5kA). Table 4 shows the total heat loadof the proposed
hybrid-energy pipeline with different inner diameters of the cryostat.

Method for cost calculation of each layer of HTS cable and
pipeline
Thematerial costs of the superconducting cable and the pipeline reported in
Table 1 were calculated using Eqs. (8–15). Among these, the copper cost of
the HTS cable, Ccopper ($), was calculated as follows:

Ccopper ¼ Wc ρcuVcu=1000
� �

ð8Þ

Vcu ¼ Lπ
D01

2

� �2

þ D0

2

� �2

� D05

2

� �2
 ! !

ð9Þ

where the Wc is the unit cost of copper (5.6 k$/ton); Vcu is the volume of
copper layer;L is the transmissiondistanceof thehybrid-energy system;D01,
D05 and D0 are the diameter of copper layer, as listed in Table 5.

The electrical insulation cost of theHTScablewas calculatedas follows:

Cele ¼ Wele ρeleVele=1000
� � ð10Þ

Vele ¼ Lπ
D02

2

� �2

� D01

2

� �2
 !

þ D05

2

� �2

� D04

2

� �2
 ! !

ð11Þ

where theWele is the unit cost of electrical insulation (10 k$/ton); ρele is the
density of electrical insulation material; Vele is the volume of electrical
insulation layer.

The stainless steel cost of the cryogenic pipeline was calculated as
follows:

Csteel ¼ Wsteel ρsteelV steel=1000
� � ð12Þ

V steel ¼ Lπ
D2

2

� �2

� D1

2

� �2
 !

þ D4

2

� �2

� D3

2

� �2
 ! !

ð13Þ

Table 5 | Outer diameter of each layer of HTS cable

Parameter Value

Outer diameter of positive copper layer D01 0.015m

Outer diameter of positive electrical insulation layer D02 0.017m

Outer diameter of positive MgB2 layer D03 0.020m

Outer diameter of negative MgB2 layer D04 0.023m

Outer diameter of negative electrical insulation layer D05 0.025m

Outer diameter of negative copper layer D0 0.03 mm

Table 4 | Total heat load of the proposed hybrid-energy
pipeline with different inner diameters of the cryostat

Parameter Value 1 Value 2 Value 3

Cryostat inner diameter D1 0.060m 0.070m 0.080m

Cryostat inner wall outer diameter D2 0.068m 0.078m 0.089m

Cryostat outer wall inner diameter D3 0.088m 0.098m 0.109m

Cryostat outer diameter D4 0.098m 0.109m 0.120m

Cryostat heat leakage 1.564W/m 1.735W/m 1.898W/m

Current lead heat leakage 1000W 1000W 1000W

Total heat load of a 10 km hybrid-
energy pipeline system

16,640W 18,350W 19,980W
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where the Wsteel is the unit cost of stainless steel (5.5 k$/ton); ρsteel is the
density of stainless steel; Vsteel is the volume of stainless steel used in the
cryogenic pipeline.

The multi-layer insulation (MLI) cost of the cryogenic pipeline was
calculated as follows:

CMLI ¼ WMLISMLI ð14Þ

SMLI ¼ 25 × Lπ 0:5 D3 þ D2

� �� � ð15Þ

where theWMLI is the unit cost of multi-layer insulation (27 $/m2); SMLI is
the total area of multi-layer insulation.

Conventional cable transmission loss
The transmission loss of the conventional AC cable was calculated as fol-
lows:

Pac loss ¼ 3I2acRacL ð16Þ

where Rac is the equivalent AC resistance; Iac is operating current of the
conventional AC cable, which was calculated as:

Iac ¼
Pacffiffiffi

3
p

U cosφ
ð17Þ

where Pac is the transmitted power; U is the voltage rating of the AC cable;
cosφ is the power factor, taken as 0.8.

Data availability
The data that support the findings of this study are openly available in
[Zenodo] at https://doi.org/10.5281/zenodo.19497133.
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