communications engineering

Article

A Nature Portfolio journal

https://doi.org/10.1038/s44172-025-00411-8

Lifecycle carbon intensity with embodied
emissions of battery and hydrogen-driven
integrative low-carbon systems

M| Check for updates

Aoye Song ® '?, Xiaohan Zhang', Zhaohui Dan' & Yuekuan Zhou ® 234

Carbon neutrality targets rely on the flexible, fast-response characteristics of batteries, and the high
energy density and clean byproduct of hydrogen. However, the potential role of battery and hydrogen
circular economies in the carbon neutrality transition remains uncertain. In this study, a future clean
power grid and its impact on the lifecycle carbon footprint of battery and hydrogen circular economies
have been predicted. A database of the lifecycle carbon footprint is set up from raw material to
recycling. Additionally, a carbon intensity map of lifecycle stages of batteries and hydrogen storage
across climate regions in China is provided. The proposed zero-energy paradigm is economically
feasible with the obtained levelized net present value ranging from 0.0119 US$ per kWh, (Kunming) to
0.0574 US$ per kWh, (Guangzhou). The findings aim to clarify the role of battery and hydrogen circular
economies in the carbon neutrality transition and provide a comprehensive analysis of hydrogen and

battery technologies for policy decision-makers.

1.5 °C and 2 °C global temperature rise targets in Paris Agreement require the
continuous exploitation of clean and sustainable energy resources and inter-
national collaborations with the promotion of advanced energy paradigms
adaptive to different climate zones globally. Smart and sustainable cities pay
more focus than ever before on heat exposure', heat mitigationz, climate
change adaption® and energy resilience under climate risks*. Energy savings’,
renewable energy®’ and waste management’ are main streams for sustainable
development. Renewable energy sources with intermittence and instability,
and energy demands with stochasticity impose great challenges on high
renewable penetration and utilisation in high efficiency’. Given the high
gravimetric density and clean byproduct water of hydrogen and fast response
of battery, electrochemical battery and hydrogen' have been deployed as
energy storage mediums for both short-term (such as daily) storage'' and long-
term seasonal storage'. Electrification transition from diesel to renewable-
battery can be widely deployed in transportations'', power supply' and
buildings'® with tech-economic feasibility''"*. Cross-scale macro-level (like
integrated renewable-battery-hydrogen-building-grid models) and micro-
level models (like PEMFC combined heat and power cogeneration model)”
are critical for accurate energy flexibility evaluation™, dynamic technical per-
formance prediction, large-scale and economic performance analysis’'.
Furthermore, large-scale battery’” and manganese-hydrogen storages™
can be applied for fast power response’*”, high renewable penetration®, and

grid power stabilisation”. Depending on different geographical locations of
integrated battery storages, renewable-connected, grid-connected, and
demand-side battery deployment strategies are included, while the design
principle, operation control and techno-economic analysis are quite dif-
ferent. Unlike centralised battery storages only considering power supply
characteristic with uniformity factors for capacity sizing”, the demand-side
battery needs to simultaneously consider both power supply and energy
demand characteristics. The provincial comparison in China indicates that,
renewable-connected battery strategies are suitable in areas with abundant
renewable resources, while the demand-side battery strategies are suitable in
areas with limited renewables™.

Economic performance of battery and hydrogen-driven reliable and
low-carbon energy systems has also attracted widespread interests world-
wide. The comparison on different hydrogen production pathways in US
indicates that the hybrid electricity-based production is much cheaper
(2.02-2.88 US$ kg ') than the fossil-based pathway (2.73-5.94 US$ kg ")**.
Compared to stationary fuel cells, the heavy-duty vehicle fuel cells can
reduce levelized cost of energy (LCOE) by 13-20%, together with high
renewable energy penetration (>80%) in local power grids”. The cost-
effective battery storage in distributed residential solar customers can
incentive the self-financed PV installation behaviours™. The energy return
on investment is applied to assess the economic effectiveness on different
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energy transition scenarios with variations on renewable share, natural gas
and oil depletions’'. Global electrification with cross-continental trade can
reduce the annual system cost of electricity by 5-52% in 2050, with the
improvement in electricity demand coverage from 12% to 100%". Eco-
nomic analysis on renewable-to-hydrogen electrolysis process™ validates its
commercial competitiveness with cost at 3.23 EUR kg in both Germany
and Texas, and it will be reduced to 2.50 EUR kg ™" in industrial-scale supply
in the near future. Similarly, hydrogen production costs range from 2.6 US$
to 12.3 US$ kg ™', and there were already 20 states less than 4.0 US$ kg ™" with
competitiveness over the fuel cost of gasoline vehicles™. Blue hydrogen is
competitive when natural gas prices are below 15 EUR per MWh™.

Carbon emissions of battery and hydrogen have been studied, con-
sidering time-matching'’. The rapid battery cost decline® can accelerate the
traffic electrification, and it is estimated that 40% of global traffic electrification
can reduce CO, emissions by 14% for US-based vessels. Green hydrogen based
on solar-wind electrolysis plays critical roles in decarbonising coal chemical
sector with net cost reductions”. An integrated life cycle assessment and
geometallurgical approach can contribute to sustainable extraction of battery
materials and promote the future low-carbon economy™. Recycled lithium-
ion batteries can provide secondary source of raw materials for new battery
production®, while challenges are proposed on challenges of various battery
recycling technologies™. Grid Decarbonization requires storages in design and
operations"'. Combined policies are necessary for carbon mitigation targets,
like electrification of light-duty vehicles and fuel consumption efficiency
improvement of conventional vehicles”.

In academia, there is no existing research on carbon footprint quan-
tification on battery and hydrogen circular economy, especially considering
future clean power grid upgrade and complex operational stages (like power
interactions between e-mobility and buildings, power-to-hydrogen and
combined heat and power interactions between fuel cell electric vehicles and
buildings, cascade electric vehicle (EV) battery reuse and retired battery
recycling). Secondly, participation willingness of stakeholders and investors
(e.g., renewable investors, owners of buildings, EVs, utility grid company,
etc) in future battery and hydrogen circular economy has not been analysed.
Furthermore, techno-economic-environmental superiority and inferiority
of battery and hydrogen circular economy are not clear, hindering the future
low-carbon transition on battery and hydrogen.

In this work, a generic method is proposed and applied to quantify
the lifecycle carbon footprint of both battery and hydrogen circular
economy with clear database throughout raw material mining, manu-
facturing, operation, reuse and recycling stages. Impact of power grid
upgrade on lifecycle carbon footprint has been analysed and compared
between battery and hydrogen circular economy. Secondly, the partici-
pation willingness of stakeholders and investors has been analysed from
perspectives of levelized cost of energy storage (LCOES) and levelized
net present value. Thirdly, lifecycle techno-economic-environmental

comparison between battery and hydrogen circular economy was con-
ducted. A carbon intensity map was provided with various life cycle
analysis (LCA) stages across different climate regions in China, to help
decision-makers initiate frontier policies on battery and hydrogen for the
future low-carbon transition. Generally, traditional battery and hydrogen
life cycle process is mainly divided into four phases: raw materials mining,
manufacturing, operation and recycling phase, as shown in Fig. 1. During
the raw material mining and manufacturing phase, battery and hydrogen-
related components (like electrolyser, fuel cell, hydrogen tank, etc.) are
produced in vehicles. The operation phase is complicated with multiple
functions of vehicles, like daily travelling, energy carriers for power
sharing, back-up power source for emergency, etc. Furthermore, cascade
utilization technology on battery and hydrogen-related components can
extend their service lifetime, improve material utilisation efficiency, and
promote the sustainable development. Last but not the least, the retired
components (e.g., battery with relative capacity less than 60%) will be
recycled for material circular economy. Note that, the carbon footprint
and lifecycle carbon intensity is rather difficult to be accurately quantified,
especially in both operation, reuse and recycling phases.

Results

Regarding battery and hydrogen-driven integrative low-carbon systems,
this study conducts frontier research on lifecycle techno-economic-
environmental performance analysis. Lifecycle carbon intensity, net pre-
sent value and levelized cost of energy storage have been analysed. It should
be admitted that results are drawn without any prior explanation of how
these are really drawn and what was asked to the stakeholders. The research
results can provide frontier guidelines for clean power grid upgrade, low-
carbon transition and economic investment.

Energy structures and carbon emission factor for clean power
grid upgrade

The 2050 or 2060 carbon neutrality targets and Sustainable Development
Goals (SDGs) of United Nations necessitate immediate actions globally.
Clean power grid upgrade with energy structure adjustment plays essential
roles in widespread areas, like industry, building and transportation. This
section is to predict both energy structures and carbon emission factors of
future clean power grid based on historical database, to pave path for dec-
arbonisation analysis on battery and hydrogen energy systems.

Figure 2 demonstrates the energy structures and carbon emission factors
of traditional coal-fired power grid, current power grid with mixed energy
sources and future clean power grid, respectively. The traditional grid refers to
the power grid fully supported by coal-fired power generation®’; the current
grid is based on the energy structure of the grid in 2020"; and the future grid is
based on the energy structure in 2060 as predicted in ref. 44. The traditional
coal-fired power grid with 100% of coals shows the highest carbon emission

Fig. 1 | Schematic diagram of the circular econ- a
omy. a Battery circular economy; b hydrogen cir-
cular economy. %
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Fig. 2 | Energy structures and carbon emission factor (CEF) of traditional, current and future (2060) power grids in Beijing, Xi’an, Shanghai, Kunming, Guangzhou and

Hong Kong.

factor (CEF). The transition from traditional coal-fired power grid to the
current power grid with mixed energy sources can greatly reduce the CEF of
power grid. For instance, in Beijing, the CEF decreases from 1002.9 g CO,,
kWh, ™" (100% coals, subscript e refers to electrical energy) to 861.0 g CO,,
kWh, ™" (89.12% thermal power, 6.62% wind, 3.66% solar, and 0.6% hydro-
power), and then further decreases to 158.3 g CO,. kWh, " (57.9% solar,
22.54% wind, 7.92% hydropower and 11.64% thermal power).” Furthermore,
in the future clean power grid, the dominated energy sources are geo-
graphically dependent. Specifically, the dominated renewable energy sources
are geographically dependent, i.e., solar energy (57.90%) in Beijing, wind
(61.20%) in Hong Kong, solar and wind (89.95%) in Shanghai, nuclear in
Guangzhou (58.79%), hydropower in Kunming (54.08%).

Impact of CEF of power grid on lifecycle carbon footprint

Figure 3 demonstrates the impact of power grid transformation from tra-
ditional to future clean power grid on battery carbon intensity. Clearly, with
the transition from traditional coal-fired grid to current power grid with
mixture of various energy resources, lifecycle battery carbon intensity can be
slightly reduced, and the decreasing magnitude is geographically location-
dependent. Furthermore, the transition towards the future clean power grid
in 2060 will greatly reduce the lifecycle battery carbon intensity. For
instance, in Guangzhou, the lifecycle battery carbon intensity decreases
from 1064.63 gkWh, ™' (traditional power grid) to 580.02 gkWh, ™" (current
power grid, by 45.5%) and then to 158.67 g kWh, ™" (future power grid in
2060, by 85.1%). The underlying mechanism is due to the decrease of the
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Fig. 3 | Impact of power grid transformation on lifecycle battery and hydrogen
carbon intensity of the integrated multi-energy system. (Note: the complete grid-
dependent system without any renewables. The battery-based system without

vehicle-to-building (V2B) and battery cascade utilization. The hydrogen-based
system without fuel cell electric vehicle (FCEV)-to-building & building-to-FCEV
energy interaction.).

electricity grid carbon emission factor (i.e., how much carbon emission will
be released when generation per kWh electricity) from 865.2 to 4263 g
CO,. kWh, ™ and then to 44.7 g CO, . kWh, . Specifically, the lifecycle
carbon intensity of battery (i.e., how much carbon emission will be released
throughout the whole lifecycle of battery) mainly includes both embodied
carbon and operational carbon emissions®, and the decrease in CEF from
traditional power grid to future power grid can effectively reduce carbon
emissions from grid to EV charging process.

Regarding the hydrogen-based system, similar tendency can also be
noticed but with more obvious decreasing magnitude. For instance, in
Guangzhou, the lifecycle hydrogen carbon intensity decreases from
2463.19g CO,,. kWh, ' (traditional power grid) to 125043 g CO,,
kWh, ™" (current power grid, by 49.2%) and then to 196.00 g CO, . kWh, ™
(future power grid in 2060, by 92.0%). The comparison between battery-
based and hydrogen-based system indicates that, even with the update in
future grid, the battery system still shows generally higher potentials than
the hydrogen system (with only electricity generation) in carbon neutrality.

Lifecycle carbon intensity, net present value and levelized cost of
energy storage for battery and hydrogen circular economy
Lifecycle carbon intensity of net zero-energy battery and net zero-energy
hydrogen circular economy is studied. Two scenarios are studied, as
demonstrated in Fig. 4.

(1) Scenario I (Fig. 4a): this scenario combines the Vehicle-to-Building/
Building-to-Vehicle (V2B/B2V) scenario with the cascade EV battery
reuse for energy storage in buildings, when EV battery retires with the
relative capacity dropped to 80% of their initial capacity.

(2) Scenario IT (FCEV-to-building & building-to-FCEV energy interaction
system in Fig. 4b): In this scenario, the fuel cell electric vehicle (FCEV)
will supply both power and heat to the building energy system and be
partially refuelled by hydrogen generated by surplus renewable energy.
In this section, both net present value (NPV) and battery carbon

intensity are analysed to illustrate the economic feasibility and zero-carbon

pathway, respectively. Note that the NPVs of other scenarios are calculated
based on the traditional scenario (Fig. 4a).

Lifecycle battery carbon intensity for different stages is summarised in
Supplementary Table 1. As shown in Supplementary Table 1, the carbon
intensity in grid accounts for the highest proportion at around 50% in all
studied cities in different climates, and the meteorological parameters and
climate information are in Supplementary Fig. 1 and Supplementary Note 1.
This is due to the high CEF of the current power grid, as shown in Fig. 2.
Proportion of total electricity charged into batteries from renewables and
power grid, and carbon intensity in renewables and power grid are listed in
Supplementary Tables and 3. The parameter information of renewable
equipment is given in Supplementary Tables 4 and 5, Supplementary Fig. 2
and Supplementary Note 2.

Communications Engineering| (2025)4:84


www.nature.com/commseng

https://doi.org/10.1038/s44172-025-00411-8

Fig. 4 | System diagram of battery and hydrogen '
circular economy. a Battery circular economy with
Vehicle-to-Building (V2B)/Building-to-Vehicle
(B2V) and cascade Electric Vehicle (EV) battery
reuse; b Hydrogen circular economy with Fuel Cell
Electric Vehicle (FCEV)-to-building & building-to-
FCEV energy interaction. (Note: small-scale bat-
teries in EVs are used for buildings.).
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In order to study the participation willingness of stakeholders and
investors, the economic performance of the integrated system is conducted,
from perspectives of LCOES and levelized net present value. As shown in
Supplementary Table 6, to invest the integrated system with maintenance
and operation costs, the LCOES ranges from 0.0617 US$ per kWh,
(Kunming) to 0.0645 US$ per kWh, (Shanghai). To run the integrated
system, the obtained levelized net present value ranges from 0.0119 US$ per
kWh, (Kunming) to 0.0574 US$ per kWh, (Guangzhou). This indicates the
high profitability by investing and running the battery-driven multi-energy
system with the V2B/B2V and cascade EV battery reuse. The grid prices in
different climate cities in China are given in Supplementary Tables 7-18.

In the other hand, lifecycle carbon intensity of grey hydrogen indicates
that, in the grey hydrogen-driven energy system, the carbon intensity is
mainly from the grey hydrogen production at around 98% (as shown in
Supplementary Table 19). Considering the mixed grey and green hydrogen
in real applications, a net-zero energy paradigm with both renewable-driven
electrolysis and pipeline delivered grey hydrogen is formulated. As listed in
Supplementary Table 20, Kunming shows the lowest carbon intensity at
246.28 g CO,. kWh,}, ™', while Hong Kong shows the highest carbon
intensity at 1105. 22 g CO, . kWh,,”* for combined heat/power generation
(Note: ‘kWh,,” refers to per kWh of electricity and thermal energy for
hydrogen-based cogeneration). The former is due to the lowest carbon
emission factor of the grid at 152.7 g CO, . kWh, " in Kunming (as shown in
Fig. 2), and the latter is due to the lowest proportion of green hydrogen at
8.35% in Hong Kong (as shown in Supplementary Table 20).

The levelized NPV of the H,-driven energy system is shown in Sup-
plementary Table 21. As shown in Supplementary Table 21, the green H,-
driven energy system is economically feasible in Guangzhou, Hong Kong
and Beijing (levelized NPV at 0.0378, 0.0818 and 0.0542 US$ kWh,;, ",
respectively), while it is economically infeasible in Kunming, Shanghai and
Xi’an (levelized NPV at —0.0823, —0.0255 and —0.0389 US$ kWheh’l,
respectively). Meanwhile, the grey H,-driven energy system is economically
feasible only in Guangzhou. In terms of the mixed Green and Grey H,-
driven energy system in the net-zero energy paradigm, it is economically
feasible only in Guangzhou (the levelized NPV at 0.0258 US$ kWh ',
respectively), while it is economically infeasible in Beijing, Kunming,
Shanghai, Xi’an and Hong Kong (the levelized NPV at —0.0153, —0.0569,
—0.0586, —0.0324 and —0.1105 US$ kWh,, "', respectively).

Discussion on energy structure and the levelized Net Present Value
(NPV) in different regions indicates that the transition from traditional coal
power grids to mixed and renewable energy sources greatly impacts both
carbon emissions and economic feasibility. The system based on EV energy
sharing and cascade battery utilization demonstrates a favourable net pre-
sent value across various cities, indicating a high return on investment. In
contrast, the economic feasibility of hydrogen energy systems is influenced
by multiple factors, including the energy structure, energy demand, and
renewable generation. Considering different energy structures in different
cities, current research findings indicate that hydrogen energy systems are
economically viable in Guangzhou, while they face economic challenges in
other cities such as Beijing, Kunming, Shanghai, Hong Kong and Xi’an.

The comparison on battery and hydrogen circular economy was
conducted in carbon intensity and levelized net present value under the net-
zero energy paradigm (the detailed system design is in the Supplementary
Tables 22 and 23, Supplementary Figs. 3 and 4 and Supplementary
Notes 3-4). Techno-economic-environmental feasibility has been analysed,
i.e., NPV for economic performance, carbon intensity for both technical and
environmental performances and carbon emissions for environmental
performance. As demonstrated in Fig. 5, the carbon intensity of hydrogen
circular economy is generally higher than that in the battery circular
economy, and the economic performance of hydrogen circular economy is
lower than that in the battery circular economy. Specifically, the LCA carbon
intensity of battery circular economy is 278.37 (Xi’an), 193.84 (Shanghai),
138.64 (Kunming), 182.80 (Hong Kong), 195.08 (Guangzhou) and 252.38 g
CO,. kWh, ™" (Beijing), which is much lower than that in the hydrogen
circular economy at 1632.24 (Xi’an), 1165.79 (Shanghai), 395.34 (Kunm-
ing), 1671.88 (Hong Kong), 944.78 (Guangzhou) and 1712.58 g CO,,
kWh, ' (Beijing) for solely power generation and 984.91 (Xi’an), 728.81
(Shanghai), 246.28 (Kunming), 1105.22 (Hong Kong), 591.76 (Guangzhou)
and 1021.04 g CO, . kWh,},™" (Beijing) for combined heat/power cogen-
eration, respectively. In terms of the levelized net present value, the battery
circular economy is more competitive than that in the hydrogen circular
economy. For instance, the levelized NPV of battery circular economy is
0.0220 (Xi’an), 0.0364 (Shanghai), 0.0119 (Kunming), 0.0281 (Beijing),
0.0275 (Hong Kong) and 0.0574 $ kWh, ™' (Guangzhou), which is much
higher than that in the hydrogen circular economy at —0.0537 (Xi'an),
—0.0938 (Shanghai), —0.0914 (Kunming), —0.0256 (Beijing), —0.1672

Communications Engineering| (2025)4:84


www.nature.com/commseng

https://doi.org/10.1038/s44172-025-00411-8

Article

- = Beii

2000 UMM 55 2000218025 20009025

1600 0.20 1600 0.20 1600 0.20
>_1200 015 = 21200 0.15 z >.-1200 0.15 z
‘@ = 800 010 =~ 2 ‘@ = 800 010 =2 B = 800 010 =&
8= 400 0.05 32 8 400 0.05 %3 8 400 0.05 33
X $HD c &+ c < @
E 0| mm M 000 28 £7s o/ - 000 =8 S o ommENEm__ 000 <3
59400 W oo 32 §8 400 005 £ 58400 005 £2
T 2-800 010 =9 S 2-800 -0.10 =2 S =-800 -0.10=2
© 1200 015 & ~1200 015 © 1200 015 &

- -1600———————1-0.20 oo 0.20

1600 B CHNBNA 00 CB CHNBNH 1600 5 CHNB NH

Guangzhou 1 Shanghai

2000 0.25 2000 0.25

1600 0.20 1600 0.20
3.:\1200 0.15 2,91200 015 =
'3 £ 800 0.10 =& ‘2 £ 800 0.10 e%
= 400 0.05 %3 S 400 0.05 % 3
2250 m M M= EX 0 mm M <8
cs 0.00 =9 £ s . 0.00 =8
5 O -400 -0.05 P _g O -400 -0.05 -*15
8 =-800 010 = 8 2-800 010 =8

-1200 -0.15 -1200 -0.15 @

-1600 0.20 -1600 0.20

CB CHNBNH CB CHNBNH
Hong Kon

2000 9 9 0.25

1600 0.20
>-1200 0.15 = M CB: Carbon intensity of the battery system (g CO,, kWh_")
Qfé 800 I 0.10 Eg’ B CH: Carbon intensity of the hydrogen system for power & heat generation (g CO,,
2= 400 0.05 03 kWh_ 1) '
c < » P eh
'cg) oﬁ- O 0.00 g§ I CH: Carbon intensity of the hydrogen system for power generation (g CO, . kWh )
20 -400 I -0.05 5 < I NB: Net present value of the battery system (US$ kWh_")
S 91288 glg V% I NH: Net present value of the hydrogen system for power & heat generation (US$

- -U. kWh_,.")

eh
-1600 CB CH NB NH 020 k=i NH: Net present value of the hydrogen system for power generation (US$ kWh_)

Fig. 5 | Comparison of carbon density and net present value between battery and
hydrogen circular economy in different cities with different climates. (Note: A

net-zero energy paradigm is applied. Scenario with V2B/B2V and cascade EV battery
reuse in the battery circular economy; Scenario with FCEV-to-building & building-

to-FCEV energy interaction in the hydrogen circular economy. CB, CH, NB and NH
refer to carbon intensity of the battery system, carbon intensity of the hydrogen
system, net present value (NPV) of the battery system, and NPV of the hydrogen
system, respectively.).

(Hong Kong) and 0.0412 $ kWh, ' (Guangzhou) for sole power generation
and —0.0324 (Xi’'an), —0.0586 (Shanghai), —0.0569 (Kunming), —0.0153
(Beijing), —0.1105 (Hong Kong) and 0.0258 $ kWh,},™' (Guangzhou) for
heat/power cogeneration. In other words, due to the low energy conversion
efficiency and high initial cost of hydrogen circular economy, the battery
circular economy is more economically and environmentally competitive,
and the economic-environmental feasibility of hydrogen circular economy
is questionable.

To explore the constitution of carbon intensity for battery and
hydrogen circular economy, and compare carbon emissions when using
only renewable energy electricity, the carbon intensity map of various LCA
stages is provided across different climate regions in China. As demon-
strated in Fig. 6b, the LCA carbon emission of the green battery energy
system is mainly from the operational stage, followed by the embodied
carbon emission in battery raw materials, production and recycling pro-
cesses. In terms of the green hydrogen-driven energy system in Fig. 6¢, as the
operational carbon emission is zero (renewable energy supply, clean water
electrolysis and byproduct water in the fuel cell), the carbon emission mainly
comes from embodied carbon in associated components (i.e., renewable
systems, electrolyzer, compressor, H, tank, fuel cells with their real-time
depreciations). With respect to Fig. 6d, combined heat and power genera-
tion for the building energy system evidently improved the energy efficiency
of hydrogen system. Furthermore, unlike the grey hydrogen-driven
energy system, in the green hydrogen-driven energy system, the carbon
emission is mainly from the integrated renewable systems, followed by the
compressor and H, tank. The electrolysis process shows the lowest carbon
intensity.

The comparison between the green battery circular economy and the
green hydrogen circular economy indicates that, green hydrogen circular

economy shows a much higher carbon intensity than that of the green
battery circular economy for electricity supply. For instance, carbon
intensity of green hydrogen circular economy is 271.40 g kWh, ' (Xi’an),
17492 g kWh, "' (Shanghai), 123.51 g kWh.™' (Hong Kong), 265.52 g
kWh, ™" (Guangzhou), 250.04 g kWh, ' (Kunming) and 164.18 g kWh, ™'
(Beijing), which is much higher than that in the battery circular economy at
12790 g kWh, ' (Xi'an), 100.64 g kWh, "' (Shanghai), 84.18 g kWh,
(Hong Kong), 127.81 gkWh, ™' (Guangzhou), 121.50 g kWh, ' (Kunming)
and 99.38 g kWh, " (Beijing). However, with combined heat and power
generation, the carbon intensity of green hydrogen circular economy
decreases and the comparison between green hydrogen/battery circular
economy becomes case-dependent. Specifically, the carbon intensities of
green hydrogen circular economy for combined heat/power supply are
81.65 and 97.88 g kWh,}, " in Hong Kong and Beijing, slightly lower than
that of green battery circular economy at 84.18 and 99.38 gkWh, ' in Hong
Kong and Beijing, respectively. This is because of the relatively lower
embodied carbon of green hydrogen circular economy than green battery
circular economy, together with the relatively low carbon emission factor of
renewable energy in Hong Kong, caused by high renewable energy
endowment (as shown in Supplementary Table 24). In Guangzhou,
Kunming, Shanghai and Xi’an, even with combined heat/power supply, the
carbon emissions of hydrogen energy systems (166.31g kWh,}, ™" in
Guangzhou, 155.76 gkWh, ;' in Kunming, 109.35 gkWh,, " in Shanghai,
163.77 g kWh,, ™" in Xi’an) are still higher than those of battery systems.
This is because the carbon emissions of hydrogen circular economy during
operation (127.83 g kWh,, ! in Guangzhou, 105.81 g kWh,;, " in Kunm-
ing, 74.20 g kWh,},”" in Shanghai, 130.09 g kWh,},”" in Xi’an) are higher
than those of battery systems (75.60 g kWh, ' in Guangzhou, 69.42 g
kWh, ™ in Kunming, 48.71 gkWh, ™ in Shanghai, 74.75 gkWh, ' in Xi’an),
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Fig. 6 | The carbon intensity map of various LCA stages within the green battery
and green hydrogen circular economy across different climate regions in China.
a Location of cities in different climate regions in the China map. b The carbon
intensity of various LCA stages within the green battery circular economy in the
cities. ¢ The carbon intensity of various LCA stages within the green hydrogen
circular economy for solely power generation in the cities. d The carbon intensity of

various LCA stages within the green hydrogen circular economy for combined heat/
power generation in the cities. (Note: Both the green battery circular economy and
the green hydrogen use green renewable energy from building distributed photo-
voltaic and wind turbine generation; the energy unit ‘kWh’ with subscripts ‘¢’ and ‘h’
represent per kWh of electricity and heat energy, respectively.).

due to the relatively lower energy efficiency of power-to-gas-to-heat/power
process in hydrogen energy systems.

Comparison with other studies

In order to ensure the reliability and thoroughness, main results of this study
are compared with published research. The carbon emission and levelized
cost of energy storage (LCOES) are compared in the battery circular
economy with other studies in Supplementary Table 25. The comparison
shows that the economic and environmental results of this study are close to
those of other studies. For example, when the battery power source is from
both the grid and renewable electricity, the results of other studies are
between 263 and 330 g CO, kWh_"'*, while the results of this study fall
within this range at 139-278 g CO, kWh, . When the battery power source
is only from renewable electricity, the results of other studies are between 35
and 118 g CO, kWh, " **"’, while the results of this study are between 84 and
128 g CO, kWh, ™, highlighting the feasibility and reliability of research
results from this study. In terms of LCOES, the results of other studies are
between 0.088 and 0.359 US$ kWh, ", while the results of this paper are
between 0.062 and 0.065 US$ kWh, . The lower LCOES in this study is
mainly due to the adoption of lower battery prices (125 US$ kWh™')* in
China and the implementation of battery reuse strategies.

Similarly, the hydrogen energy systems have been compared with
already published studies. Supplementary Table 26 compares the levelized
cost of hydrogen (LCOH) and levelized carbon emission of hydrogen
(LCEOH) in the integrated hydrogen circular economy of this study with
results from other research. The calculated LCOH and LCEOH, as inter-
mediate variables in this study, align with the conclusions from other stu-
dies. For instance, the LCEOH of electrolysed hydrogen with grid power in
this study and ref. 43 are 9.6-52.0 and 27.4-443kg CO,. kg H,™,
respectively. In addition, the LCEOH of electrolysed hydrogen with
renewable energy in this study is 2.2-5.3 kg CO, . kg H,™" with combined
PV and wind power, which is within a reasonable error margin compared to
that of ref. 43 at 2.1-6.8 kg CO, . kg H, ' with PV power and 0.6-3.0kg
CO,,. kg H,™" with wind power. Furthermore, the LCOH of grid-power-
electrolysed hydrogen across China are 3.8-7.9 and 3.3-7.0 US$ kg H, "
from this study and China hydrogen alliance™, respectively, with a slight

error at 12.9-15.2%. These comparison results demonstrate the validity of
the data and model used in this study. It should be noted that the levelized
cost and carbon emission of heat/electricity discharged to the building
energy system are not compared due to the lack of comparable research.

Discussion

In this study, motivator or driver roles of battery and hydrogen circular
economy in carbon neutrality in China have been dialectically and sys-
tematically analysed. A power grid model is developed and applied to
predict the future power grid upgrade from the traditional coal-fired to the
mixed clean energy-based, with respect to energy structure constitutions
and carbon emission factors. Energy paradigm transformations towards
distribution, interaction and sustainability has been explored, with power
interactions between e-mobility and buildings, power-to-hydrogen and
combined heat and power interactions between fuel cell electric vehicles and
buildings, cascade electric vehicle (EV) battery reuse and retired battery
recycling. A generic method is proposed and applied to quantify the lifecycle
carbon footprint of both battery and hydrogen circular economy with clear
database throughout raw material mining, manufacturing, operation, reuse
and recycling stages. Impact of power grid upgrade on lifecycle carbon
footprint has been analysed and compared between battery and hydrogen
circular economy. Techno-economic-environmental comparison between
battery and hydrogen circular economy is provided in carbon intensity and
levelized net present value, and then generalized and scalable in five climate
regions with different solar-wind energy resources in China. There are some
findings from research results:

1. Based on the historical database in power grid upgrade from the tra-
ditional coal-fired to the current power grid with mixed energy sources,
the developed power grid model can predict the future clean power grid
upgrade with quantifiable energy structure constitutions and carbon
emission factors (CEF). Meanwhile, the dominated renewable energy
sources are geographically dependent.

2. The transition from traditional coal-fired grid to future clean power
grid with mixture of various energy resources leads to the decrease in
both lifecycle carbon intensity of battery and hydrogen energy system,
and more obvious decrease can be noticed in the hydrogen energy
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system (e.g., in Guangzhou, the lifecycle hydrogen carbon intensity
decreases from 2463.19 g CO,. kWh, ' (traditional power grid) to
1250.43 g CO, . kWh, ™' (current power grid, by 49.2%) and then to
196.00g CO,. kWh,™" (future power grid in 2060, by 92.0%).
Meanwhile, the lifecycle battery carbon intensity decreases from
1064.63 gkWh, ™ (traditional power grid) to 580.02 g kWh, " (current
power grid, by 45.5%) and then to 158.67 gkWh, ™ (future power grid
in 2060, by 85.1%).

3. The participation willingness of stakeholders and investors has been
analysed from perspectives of LCOES and levelized net present value.
The proposed zero-energy paradigm with the V2B/B2V and cascade
EV battery reuse is economically feasible across different climates in
China with the obtained levelized net present value ranging from
00119 US$ per kWh, (Kunming) to 0.0574 US$ per kWh,
(Guangzhou). In terms of the mixed Green and Grey H,-driven
energy system in the net-zero energy paradigm, it is economically
feasible only in Guangzhou (levelized net present value at 0.0258 US$
kWh,y, ", respectively).

4. Techno-economic-environmental comparison between battery and
hydrogen integrative energy systems indicates that, the carbon
intensity and economic performance of battery-driven integrative
energy system is generally better than that in the hydrogen-driven
integrative energy system (e.g., in Guangzhou, the lifecycle carbon
intensity and NPV are 591.76g CO,. kWh,}, ™' and 0.0258 US$
kWh,},”" for the hydrogen-driven cogeneration system and 195.08 g
kWh, ™" and 0.0574 US$ kWh, ' for the battery-driven integrative
energy system), respectively.

5. Carbon intensity map of various lifecycle stages across different climate
regions in China indicates that lifecycle carbon emission of green
battery circular economy is mainly from the operational stage. In the
green hydrogen-driven energy system, the carbon emission is mainly
from the integrated renewable systems, followed by the compressor

and H, tank, while the electrolysis process shows the lowest carbon
intensity. Furthermore, the comparison between battery and the green
hydrogen circular economy indicates that the green hydrogen circular
economy for sole power generation shows much higher carbon
intensity than that of the battery circular economy. However, with
combined heat and power supply, the green hydrogen circular
economy demonstrates lower carbon intensity than the green battery
circular economy in Beijing and Hong Kong, due to the low embodied
carbon emissions of green hydrogen circular economy and the relative
higher renewable generation potential in these cities.

The conclusions of this paper clarify the motivator or driver roles of
battery and hydrogen circular economy in carbon neutrality in China. The
developed power grid model can be applied to analyse the upgrade from the
traditional coal-fired to the future clean power grid, with respect to energy
structure constitutions and carbon emission factors. Techno-economic-
environmental comparison between battery and hydrogen circular econ-
omy can help decision-makers to initiate frontier policies with compre-
hensive considerations on carbon intensity and levelized net present value.
Research methods and models can be generalized and scalable in different
climates in China.

Another important aspect is how the conclusions of this paper can
guide stakeholders and engage investors. The successful implementation of
these advanced energy systems relies heavily on the active participation and
support of various stakeholders, including renewable energy providers,
building owners, electric vehicle (EV) owners, utility grid companies, and
policymakers. Understanding their perspectives and willingness to partici-
pate is crucial for the practical deployment of these technologies.

The economic feasibility of the proposed systems has been explored
from the perspective of levelized net present value (NPV) and levelized cost
of energy storage (LCOES). Case studies from different cities in China have
been presented to illustrate the potential benefits and challenges of attracting
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stakeholders and investors. These case studies provide insights into the
practical implementation of the proposed systems. In addition, potential
scenarios for future developments and the role of stakeholders in driving the
transition to low-carbon energy systems have been discussed.

However, there are still limitations in this paper. Firstly, impact of tax
reduction exemption incentives on investment behaviours of stakeholders
has not been analysed, like production tax credit (PTC) and investment tax
credit (ITC). Secondly, only the reuse and recycling of battery energy sys-
tems have been analysed, while the domestic reuse and recycling of
hydrogen energy systems have not been studied. Therefore, future work will
focus on (1) impact of tax reduction exemption incentives on investment
behaviours of stakeholders; (2) the domestic reuse and recycling of hydro-
gen energy systems for decarbonisation.

Methods
Overview
This paper originally develops several calculation models as shown in Fig. 7.
Cross-scale macro-level models in this study refer to models’ integra-
tion of different units from the macro scale (like integrated renewable-
battery-hydrogen-building-grid models), and the micro-level models in this
study refer to detailed physical model of specific components, like proton
exchange membrane fuel cell (PEMFC) combined heat and power cogen-
eration model, battery degradation model, fuel cell degradation model and
so on. Note that both cross-scale macro-level models and micro-level
models in this paper are constructed by TRNSYS 18. The descriptions of all
models established in this study are as follows:

1. Battery degradation model: simulate the dynamic degradation of the
battery under multi-directional Vehicle-to-Everything (V2X) interac-
tions (Fig. 7c).

2. Fuel cell degradation model: simulate the dynamic degradation of the
battery under multi-directional V2X interactions (Fig. 7d).

3. EV-based building-to-building energy sharing model: simulate the
energy sharing and interaction among renewable systems, EVs and
buildings within the district community (Fig. 7a).

4. FCEV-based building-to-building energy sharing model: simulate the
energy sharing and interaction among renewable systems, FCEVs and
buildings within the district community (Fig. 7b).

5. Battery carbon intensity calculation model: calculate the environ-
mental impact of batteries over the lifecycle (Fig. 7e).

6. Hydrogen equipment carbon intensity calculation model: calculate the
environmental impact of hydrogen equipment over the life-
cycle (Fig. 7e).

7. NPV and LCOES calculation models: calculate the system economic
performance and levelized cost of energy storage over the life-
cycle (Fig. 7e).

Battery degradation model

Battery degradation is affected by many factors, such as number of cycles,
charge and discharge rates, depth of discharge and operating temperature.
The degradation model in this study is based on the relationship between the
relative capacity (RC) of the battery, the number of cycles (CycleNum) and
the depth of discharge (DoD), as shown in Eq. (1). Note that the main
challenge of battery degradation model lies in the limited testing database
under the discontinuous DoD (DoD at 1, 0.8, 0.6, 0.4, 0.3, 0.2 and 0.1°"),
while the continuous DoD happens in reality and modelling processes.

RCp,p = k,CycleNum® + k,CycleNum?* + k;CycleNum + k, (1)

The coefficients ki, k,, k3 and k4 are obtained by fitting original data from
ref. 52 and are listed in Supplementary Table 27.

Based on the previously model development approach by the author of
this study”, the dynamic RC under battery operation is obtained by the
following steps. As more details on modelling has been described in ref. 53,
here we briefly introduce the main steps to avoid the repetition:

The first step is to obtain the change in the number of cycles according
to fractional state of charge (FSOC), which is shown in Eq. (2).

ACycleNum = Boue
” (o247 = Cap X2 X oDy, @
_|FSOC, ., — FSOC,| x Cap, _ |FSOC, .. — FSOC,| )
© Cap,x2XDoDy,,  2%DoD,,,
where E,_, ;. refers to the energy received and released by the battery within

atime step. Cap, refers to the dynamic capacity of the battery. FSOC,  , refers
to the FSOC of the next time step, and FSOC, refers to the FSOC of the
current time step. DoD;,, indicates the two DoDs that appear in Supple-
mentary Table 27 closest to the current DoD.

The second step is to calculate the number of cycles in the next time
step (including DoD, and DoD, curves), shown in Eq. (3)

CycleNum(lorz)‘t = CycleNum(lorz)‘[ + ACycleNum(lmz)‘, - 3

where CumCycleNum, refers to the number of cycles of the current
time step.

In the third step, the RC under DoD; and DoD, are calculated
according to the Eq. (1), and obtain RCp,py ¢+ and RCpopy, -4+

In the fourth step, the actual RC s calculated via linear interpolation by
the Eq. (4).

DoD,, .—DoD.
RCDoD,H—\' =T _—2x RCDoDl.H—T +

DoD, , .—DoD,
X RC 4
DoD,—DoD, Dopat+c (4)

DoD,—DoD,

Fuel cell degradation model

The degradation of fuel cells impacts the efficiency of both electricity and
heat generation. In this study, a dynamic model*** that describes the
degradation rate of fuel cells during operation, as well as the variation of
thermal and electrical efficiency with decaying is presented.

Ryeg =k, - (Pyny + Pyny + Pty + Pyty) (5)

where Ry and k, represent the degradation ratio and the acceleration
coefficient. n;, and n, denote the number of load-changing cycles and start-
stop cycles, respectively. t; and ¢, are the duration of idling and high power
out, respectively. P; — P, are the weight values of each working condition, as
shown in Supplementary Table 28 in detail.

The electricity power of FCEV (Pg) after degradation (Rye,) is defined
as:

Pele = I'Vcell (1= Rdeg) ! Ncell (6)

The total heat power of the FCEV after degradation (Ppe,) is defined as™:

Pro =1-[E, — Vce]l (1= Rdeg)]'Ncell (7)

where the I and V¢ denote the current and voltage of the single cell, and the
N is the number of cells within the fuel cell stack. Rye, represents the
degradation ratio of the fuel cell and the Ey, is the thermoneutral voltage of
hydrogen at the standard condition.

E-mobility based building-to-building energy sharing model

The model” develops a network of energy interaction between different
types of buildings via electric vehicles. The model includes three types of
buildings, a high-rise office building, a high-rise hotel, and 30 residential
buildings. Thermophysical properties of these buildings are designed similar
following the Chinese building design code’** in different cities. In order to
achieve low-carbon buildings, building-integrated photovoltaics (BIPVs),
solar thermal collectors and on-site wind turbines are designed for each
building. The EV can be charged by the building’s on-site renewable energy
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to enhance renewable energy self-consumption or penetration, and be
discharged to cover demand shortage. grid-to-vehicle (G2V) represents the
mandatory charging of EVs. In addition, when the relative capacity of EV
batteries drops to 80%, it will be reused as static batteries to store renewable
electricity for the building energy system, and recycled after the relative
capacity drops to 60%.

FCEV-based building-to-building energy sharing model

In the reference case, FCEVs are only responsible for transportation,
with no energy interaction with buildings. By comparison, within the
hydrogen circular economy framework, FCEV facilitate temporal and
spatial energy sharing and interaction among three types of buildings
through V2B&B2V processes. Moreover, surplus renewable energy
within buildings is utilized for hydrogen production, and the produced
hydrogen is allocated to 60 FCEV's owned by the building occupants. In
addition, when the pressure level in hydrogen tank (HTK) reaches 0.75,
the surplus hydrogen will be available for sale to the FCEVs from outside.
Conversely, FCEVs provide power and heat to buildings during peak
periods in the grid.

The daily operational schedule for FCEVs is illustrated in Note S5. It is
assumed that there are 60 FCEV owners within the building cluster who
exhibit strong motivation and willingness to participate in V2B&B2V
processes. Among them, FCEV's 1-48 are private cars, while FCEVs 49-60
are shuttle buses.

Battery carbon intensity calculation model
To quantify the carbon emissions of batteries throughout the life cycle, the
carbon intensity (CI) has been proposed as shown by Eq. (8):

CEtOt
Eg;

cl = (8)

S

where Eg;; refers to the total energy discharged by the battery, CE,,, refers to
the total carbon emission that calculated by Eq. (9):

CE,, = CE,,, + CE, ., + CE,,. + CE

manu ope

recyc + CERE (9)
The specific calculations of CE 4y, CEmanus CErecyer CEope> and CEgg are as
follows:

In raw materials phase, CE,,,, is calculated by Eq. (10):

RC,, — 60%
CEraw = (Capinij + CaprepLi - Captend,i' M) x CEFraw

(10)
where the subscripts ini, repl, and t.,q4, respectively, represent the initial
batteries, the new batteries replaced during operation, and the batteries at
the end of the simulation. CEF,,,, refers to the carbon emission factor of the
raw materials phase at 51 kg CO, . per kWh®.

In manufacturing phase, CE,an, is calculated by Eq. (11):

RCtend.ﬁ@% ) X CEF

manu

(11)

where the subscripts ini, repl, and t.,q4, respectively, represent the initial
batteries, the new batteries replaced during operation, and the batteries at
the end of the simulation. CEF,,,, refers to the carbon emission factor of the
raw materials phase at 34 kg CO, . per kWh.

During the operation phase, decarbonisation amount by storing excess
renewable energy in the battery is calculated by Eq. (12):

CEanu = (Cﬂpmi,i + Capyep,; — Cap,_, - 100% — 60%

j Lend
CEope = Z/(; |:Pgrid4,ch4i(t)_PRE,ch.i(t):| : CEFgriddt (12)
i=1

where the Pgrigcn,(f) refers to the grid energy charged to the battery, and
Prg,ch,(t) refers to the renewable energy charged to the battery. The CEFq
is calculated by Eq. (13):

j
CEFyq = »  E; % CEF,

i=1

(13)

where E; represents the proportion of different energy types, as shown in
Fig. 2. CEF, represents the carbon emission factors of different energy types
as shown in Supplementary Table 29*. The E; in China in 2060 is projected
based on the contributions of five key power generation technologies:
thermal power, hydroelectric power, nuclear power, wind power, and solar
power*. The proportion of each technology within the energy structure for
each province is determined by the share of these technologies as recorded in
ref. 43. This approach demonstrates the provincial difference of the energy
structure transformation in China over four decades, facilitating a deeper
understanding of the regional shifts and technological advancements
driving the country’s transition towards a low-carbon energy system.

In the recycling phase, the carbon emission factor of recycling
(CEFyecyc) i869.8 kg CO, . kWh™ for Li-ion batteries”. The carbon emission
(CErecye) at the recycling phase can be expressed by Eq. (14):

J
CErecyc = Z Caprecyc,i'CEFrecyc (14)
i=1

where Capyecy,; refer to the recycled battery capacity of the ith battery.

The embodied carbon of renewable energy equipment can be defined
as the carbon emission generated during manufacturing, transportation,
operation, maintenance and recycling of renewable energy equipment.

For PVs, the embodied carbon emission per kWp is shown in
Eq. (15)";

ECEpy e = 560kg CO, . kWp ™' (15)

For wind turbine, the embodied carbon per kW can be calculated by
Eq. (16):

ECEWT,unit =1959.2% PWT,rated_O'224 (16)
where ECEwr, unit refers to the embodied carbon emission of the wind
turbine with a unit of kg CO, . kW ™", and Py, ateq refers to the rated power
of the wind turbine. Equation (16) is obtained by fitting the data from
refs. 71-77. Note that, the embodied carbon of wind turbines decreases with
the increase of rated power.

Therefore, the carbon emission from building integrated renewable
systems, CEgg, is calculated in Eq. (17):

j
E f
CERE,ch = % x (PPV‘ECEPV,um't + Z Prated,i'ECEWT,uniLi) (17)

i=1

where Egg , and Egg, refer to the renewable energy charged to the battery
and the renewable energy generated by PVs and wind turbines. Ppy is the
peak power of the PV panel at the standard condition. ECEpy y; refers to
the embodied carbon emission of PVs per kWp. ECEw yni refers to the
embodied carbon emission of the wind turbine per kW, and Py raeeq refers
to the rated power of the wind turbine.

Hydrogen equipment carbon intensity calculation model

To quantify the carbon emissions of hydrogen equipment throughout
the life cycle, the carbon intensity of hydrogen circular economy
(Cltiydrogen)s green hydrogen circular economy (Clgreen hydrogen) and
grey hydrogen circular economy (Clgrey hydrogen) has been proposed as
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shown by Egs. (18)-(20):

CE;
Cligydrogen = ——2 (18)
VIR Ey dis

CEGr n MGreen,H ,Cons

CIGreen hydrogen — EHZ‘:: / MH: (19)
CEG e MG H,,C
rey rey,H,,Cons

CIGreyhydrogen = / : (20)

Ey, gis My,

where Eyy_ g refers to the total electricity and heat energy discharged by the fuel
cell dunng V2B process. M Green 1, Gons» M Grey,H, ,Cons a1d My, are the mass of
self-generated green hydrogen, unported grey hydrogen from hydrogen station
with electrolyzer powered by grid electricity, and the mass of total consumed
hydrogen. CEry and CEgyeen refer to the carbon emission of integrated
hydrogen a green hydrogen system that calculated by Eqgs. (21)-(23):

CETot = CEFC + CEEC + CEHTK&Compression + CERE + CEGrey H, (21)

M Green,H, ,Cons

CEGreen = CEFC . M
H

+ CEEC + CEHTK&Compression + CERE

2

(22)

M, Grey,H,,Cons

CEGrey = CEyc - + CEGreyn, (23)

H,

The specific calculations of CErc, CEpcs CEgreyn,» CEre and
CEH 1 &Compression are as follows:
For fuel cells, CEgc is calculated by Eq. (24):

CEFC = CEFC Material mining&manufacture + CEFC Recycle (24)

where the CEFC Material mining&manufacture> CEFC Recycle rePresent the carbon

emissions of fuel cell during material mining and manufacture stage, and

recycle stage, at 35.4 kg CO,. kW7 and 11.9 kg CO, . kW™, respectively.
For electrolyzer cells, CEg is calculated by Eq. (25):

CEEC = CEEC Material mining& manufacture + CEEC Recycle (25)
Where the CEEC Material mining&manufacture» CEEC Recycle repr esent the carbon
emissions of electrolyzer during material mining and manufacture stage,
and recycle stage, at 28.0 kg CO, . per kW* and 21.8 kg CO,,. per kW™,
respectively.

In the Hydrogen storage and compression stage, CErkacCompression 1S
calculated by Eq. (26):

Lend
CEHTK&Compression = CEHTK Material mining&manufacture + / P Compression x CEF, REdt
0
(26)

where the CEfTk Material mining&manutacture Tefers to the carbon emissions of
material mining and manufacture for hydrogen tank (HTK) (Note that the
end of life of hydrogen tank is considered to be directly disposal due to lack
of recycling data). Pcompression is the power of hydrogen compressor during
H, refuelling. The CEFyg is the carbon emission factor of the RE electricity as
shown in Fig. 2.

For the process of RE-based H, generation, the carbon emission of
green hydrogen generation based on RE energy can be expressed by Eq. (27):

Lend
CEpg = / Priectro X CEFggdt (27)
0

where Pgjecro refer to the input power of electrolyzer.
The carbon emission from building integrated renewable systems,
CEFgg, is calculated in Eq. (28):

J
CEFyp = <P v ECEpy unit + Zp rated,i'ECEWT‘unit,i> /Epg  (28)

i=1

where Egg, refer to the renewable energy charged to the building and elec-
trolysers. Ppy is the peak power of the PV panel at the standard condition.
ECEpy ynit refers to the embodied carbon emission of PVs per kWp.
ECEvw,unit, refers to the embodied carbon emission of the wind turbine per
kW, and Pyyeq; refers to the rated power of the wind turbine.

Thelevelized carbon emissions of hydrogen (LCEOH) based on on-site
renewable energy is calculated in Eq. (29):

CERE + CEHTK&Compression + CEEC

LCEOH = (29)

M Green, H,, Cons

The carbon emission of grey hydrogen in the hydrogen circular economy
(CEGreyHZ) is calculated with Eq. (30):

CEGrey H, = CEEC station + CEHTK station
Lend (30)
+ / Prectro station * CEF Griddt + MGrey,Hz,Cons : ECompression
0

where CEgc gtation a1d CEyrk station denote the carbon emissions of elec-
trolyzer and hydrogen storage tank in hydrogen station. Pgjectro station 1S the
dynamic electrolysis power in the hydrogen station. Ecompression 18 the
energy for refuelling per kilogram hydrogen into fuel cell electric vehicle (at
1.47 kWh kg H,'*").

NPV and LCOES calculation model

NPV is an absolute measure of the difference between the present value of
cash inflows and the present value of cash outflows over a specific period of
time. The NPV is adopted to assist to make decisions on whether the
investment activity is economically feasible or not. The levelized costs of
energy storage (LCOES) refers to the average cost of providing each
kilowatt-hour of electricity storage and discharge services over the entire
lifecycle of an energy storage system, serving as a comprehensive method for
evaluating the overall economics of energy storage solutions. For battery
systems, NPV is defined by Eq. (31):

NPV AC]mp save ACrecyc_ACremanu 31)
- ACrepl.,new - ACrepur - ACO&M _AICRE _AICbat
LCOES is defined by Eq. (32):
LCOES — <Acrecyc+ACremanu + ACrepl.,new_FACrepur + Achat) (32)

Edis
where ACipp save refers to the cost saved by replacing grid electricity with
renewable energy. AC,.y. refers to the cost of recycling EV batteries with RC
at 80% and second-life batteries with RC at 60% (57 US$ kWh ).
ACrepinew (125 US$ kWh ™), AC emany (40 US$ kWh ™), and AC,epy, (35
US$ kWh™")* refers to the replacement, remanufacturing and repurposing
cost for EV batteries and secondary-life batteries. For BIPV and wind
turbine, the annual Cpga is 5% of the initial cost. For lithium-ion batteries,
the annual Cogay is 0.5% of the initial cost. AICzg and AIG,; are initial
investment costs of renewable system (Solar PV, BIPVs and wind turbines)
and batteries. Note that if the secondary-life battery reuse strategy is not
adopted, ACepinew and AC,¢py Will be 0 due to the lack of purchase of new

Communications Engineering| (2025)4:84

11


www.nature.com/commseng

https://doi.org/10.1038/s44172-025-00411-8

Article

batteries and repurposing of retired batteries. Ey;s refers to the discharged
energy from batteries.

For hydrogen systems, the price of electrolyzer and fuel cell is calculated
by Egs. (33-36)

P Ticegc, recycle = P Ticegc, recycle, material + EEC, recycle, energy use XP T1C€ 0l base
(33)

Pricege = Pricegc recyqe + Pricegc g (34)

Pricepc recycle, material d€notes the material cost of electrolyzer recycling, at
38.0 US$ per KW, Egc recycle, energy use 18 the energy consumption of elec-
trolyzer recycling, at 38.9 kWh per KW Price.qa) pase is the coal baseline
electricity price in China, at 0.0514 US$ per kWh™. Pricegc jnitia is the initial
cost of buying electrolyzer, at 243.0 US$ per kW”.

The price of fuel cell

P rlceFC,recycle =P rlceFC,recycle,material + EFC,recycle,energy use X P T1C€ oal base
(35)

Pricepc = Pricepc, recyde 1 Pricepc, initia (36)

Pricepc recycle, material denotes the material cost of fuel cell recycling, at 6.0 US$
per kW”, EFC recydle, energy use i the energy consumption of fuel cell recycling,
at 10.8 kWh per kW”. Pricepc, initial is the initial cost of buying fuel cell, at
96.5 US$ per kW' NPV is defined by Egs. (37-43):

NPV = —ACqiq—Cy, —=ACpc—ACy —ACkcpy —ACsp (37)
tend
ACGricl = A p Imp, Grid, Circular XP riceGriddt
Lend (38)
- /0 P Imp, Grid, Ref case xP riceGriddt
lend
ACH2 :/] (MExp, H,, Circular — MImp. Hz.Circular) x Pﬂ‘ceH2 dt
Lend (39)
- /0 (MExp.HZ.Refcase - MImp,HZ, Refcase) x P?’iCQHZ dt
ACg = Pricep X Capacityy (40)
ACyrg = Priceyry X Capacityyrx (41)

ACyc = Pricege X Capacityye % (DegFCEV.HZ.Circular — Degpepy, Refcase) /10%
(42)

ACSB = PriceSB X CapaCitySB X (DegSB.HZ,Circular - DegSB,Refcase) /40%
(43)

where ACqrigs ACHZ, ACgc. AChris ACrcrv, ACss denote the benefits of
hydrogen circular system compared with reference case, in terms of grid
import cost, H, cost, electrolyzer cost, hydrogen storage tank cost, FCEV
degradation cost, and static battery cost, respectively. Piyp, Grid, Circular and
Prinp, Grid, Ref case T€presents the electricity power imported from the grid in
the hydrogen circular case and reference case, respectively. Priceg,q and
Pricey; represent the trading price of grid power and H, in hydrogen station
(it's assumed the hydrogen price is all 428 US$ kg™’ across China).
Mimp 1, Gircular 304 Mgy 1 Gireular TEPresent the total mass of hydrogen
imported from outside H, station and exported to the outside FCEV in

hydrogen circular case, unit in kg. My, 1. refcase A0 Mgy 1, Ref case TEPTE-
sent the total mass of hydrogen imported from outside H, station and
exported to the outside FCEV in reference case. Priceyrk and Pricesg are the
price of hydrogen storage tank, at 600 US$ kg™' H,* and 182 US$ per
KWh™*. Degrepy 1, ircular DEZFCEV, Ref caser DeGsp 1, Circular» A0 Degsp, Ref
case are the degradation rate of fuel cell and static battery in the hydrogen
circular case and reference case, respectively. Capacityrc, Capacityrc,
Capacityyrk, and Capacitysp are the capacity of electrolyzer, fuel cell,
hydrogen tank, and static battery, respectively.

The levelized cost of hydrogen (LCOH) from renewable energy is
calculated in Eq. (44):

len . . , . .
LCOH — J6™ Prinp, Grid, Circular % Priceqyiqdt + Pricerc % Capacityge + Priceyyy % Capacityypy

MGreem H,, Cons

(44)
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