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The global surface temperature had increased by about 1 °C relative to the 1850-1900 period by the end of
the 2010s, leaving limited safe operating space and thus a more stringent need to combat climate change to
accomplish the Paris Agreement. As one of the world's major greenhouse gas emitters, China has reaffirmed
its commitment to emission reduction with the announcement of the carbon neutrality goal in 2020. A
fundamental transformation of the current energy structure is necessary, considering that the power
sector is a major contributor to national emission. Moreover, China dominates the global methanol and
ammonia markets. The nexus between the electricity sector and chemical sector, represented by
methanol and ammonia, is considered a promising direction for future decarbonization. This study
investigates the cost-optimal transition pathway of the electricity-chemical nexus in China. A bi-level
adaptive optimization framework consisting of an upper-level capacity expansion model and a lower-
level annual operation model is developed. High-resolution results show that carbon neutrality can be
achieved for the co-supply of electricity, methanol and ammonia in China by 2060 through a systematic
shift towards combined deployment of low-carbon and negative emission technologies. Sector coupling
significantly improves the effectiveness of the transition. The power sector decarbonizes chemical
production via green hydrogen, reducing carbon intensities of methanol and ammonia from 3.5 kg CO,-
eq kg~!to 1.6 kg CO»-eq kg™ and 4.8 kg CO»-eq kg~* to 1.1 kg CO,-eq kg2, respectively. Meanwhile,
sector coupling accelerates technology learning by at most 4% in the capital cost of solar photovoltaics,
increases renewable penetration by nearly 5% in primary electricity generation, and reduces the power
curtailment rate to below 5% by 2060. Green methanol and ammonia, as well as power transmission, all
play a role as energy carriers in the future energy system. While grid transmission contributes to

balancing the spatially uneven distribution of renewable resources, the equivalent energy transmission
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and high flexibility in operation scheduling. According to the analysis of this study, an optimized inter-

DOI: 10.1035/d25e01749%k sectorial integration provides a feasible and promising roadmap to realize carbon neutrality in both the

rsc.li/sustainable-energy power and chemical sectors.

milder impacts on ecosystems, oceans and humans.”> Despite
the controversy over the exact definition of pre-industrial

1 Introduction

In order to combat global warming, the Paris Agreement has
aimed to keep the global temperature increase in this century
well below 2 °C, and preferably at 1.5 °C, above pre-industrial
levels.! It was recently reported that compared to the 2 °C
target, a global warming of 1.5 °C can significantly reduce the
occurrence of extreme weather conditions and leave much
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periods, the annual average global surface temperature in
2019 has already increased by 0.98 °C relative to the average
temperature of 1951-1980, which is a time period clearly after
the (First) Industrial Revolution.? Furthermore, according to the
Intergovernmental Panel on Climate Change (IPCC), the trend
of increasing annual anthropogenic carbon dioxide (CO,)
emissions has persisted in recent years.* According to Fried-
lingstein et al.,*> China has been the world's largest CO, emitter
since 2006 and currently it contributes to over one quarter of the
world's total annual anthropogenic CO, in terms of territorial
emissions. With the most recent announcement at the 75th
United Nations General Assembly (UNGA) held in September
2020, China has reaffirmed its determination in fighting
climate change and committed to peak carbon emission before
2030 and achieve carbon neutrality by 2060.° A fundamental
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transformation of the country's current coal-dominated energy
structure is therefore needed.

Depending on various data sources, the power sector can
constitute from 38% (ref. 7) to 51% (ref. 8) of China's national
total CO, emission in 2018. Also, it is predicted by the State Grid
that the electricity demand in China would continue with its
current fast growth rate until 2035 and maintain a high level
towards 2060,° highlighting the need to investigate the future
development of China's power sector. Besides the anticipated
technology transition in electricity generation, the chemical
industry also needs to be decarbonized, which is especially
relevant to China considering its dominance in global methanol
and ammonia markets, currently being the world's largest
producers of both chemicals.'®* The near-term demands of
methanol and ammonia in China are expected to increase at
a constant rate'” and stabilize at the current value,"® respec-
tively, while given the potential of both chemicals as liquid
energy carriers,"** their future demands are unlikely to vanish
in the long term, either.

However, due to the lack of oil and gas reserves, a heavy
reliance on coal as the raw material for chemical synthesis is
currently witnessed in China,' leading to even higher carbon
intensity than by other fossil-based processes.”” “Green”
hydrogen (H,), referring to H, produced from renewable
resources (e.g., via water electrolysis), is believed to play an
important role in the future decarbonization of the chemical
industry," thus providing opportunities for integrating the
chemical sector with the aforementioned power sector to form
the structure of the electricity-chemical nexus.*

2 Efforts in energy and chemical
system modeling and their coupling

The future planning of energy transition at a national scale has
been intensively investigated with energy systems models
(ESMs) in the literature.* Typical ESM tools include the TIMES
model* by the International Energy Agency (IEA), the NEMS
model** by the U.S. Energy Information Administration (EIA)
and the PRIMES model*® widely used in Europe. Specifically for
China, Cheng et al”>* developed a multi-year, multi-region
optimization model at annual temporal resolution, mainly
aiming to tackle the spatially mismatched distribution of
resources and demands in China. Similar studies include that
by Guo et al.*® with a special focus on transmission planning
and their subsequent work®® with seasonal temporal resolution
on load dispatch. Li, Liu and Li*”*®* expanded the scope of
energy demand from power to also include coal, oil, natural gas,
heat and hydrogen at monthly resolution. Meanwhile an
increasing number of publications, e.g., our previous work* and
Song et al,* explicitly considered China's 2060 carbon
neutrality target in energy planning after its announcement in
late 2020. However, as revealed by Chang et al,** a common
problem with the above models is the low temporal resolution
involved for demand satisfaction, especially when it comes to
electricity, which can only be stored with specialized energy
storage technologies at a relatively high cost.* In this regard, He
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et al.** applied the SWITCH model* to China's context with
finer spatial and temporal resolutions considering hourly
generation and load profiles at a provincial scale, but relatively
low investment frequency and a simple unit commitment
model for flexible power generators were used in the work. Yang
et al.** integrated the power and heat sectors in China to study
renewable energy development while Chen et al* further
incorporated flexible electric vehicles (EVs) and hydrogen
demands with high resolution modeling; however, single-year
planning is adopted in both models. The cost development of
existing and emerging technologies in future energy systems,
so-called technology learning, can be considered exogenously or
endogenously in energy system models. Exogenous consider-
ation of technology learning implies a cost reduction indepen-
dent of the deployment level within the model. Endogenous
learning correctly accounts for cost reduction by deployment
but can cause run-away effects, where a particular technology
becomes dominant as it moves down the learning curve. The
ESO-XEL** model, for example, considered endogenous
learning while constraining technology deployment rates to
avoid distorted capacity expansion decisions. In the basic
TIMES model,** exogenous technology costs were to be provided
while in one of the model extensions, endogenous technology
learning was enabled and the approach of either constraining
the speed of capacity expansion or supplying future cost
trajectories exogenously with trial-and-error was suggested to
prevent massive initial investments. The ESONE model is
considered a spatio-temporal capacity expansion and unit
commitment model for the power and EV systems.*” Xiao et al.*®
incorporated technology learning of wind and solar generation
in China into the future planning of the power sector, but only
at annual temporal resolution.

The decarbonization of the chemical sector has also been
studied in the literature, but typically new technologies are
investigated without discussing the broader context of the
national energy transition. For example, sustainability foot-
prints of a variety of technology routes for petrochemical
production were evaluated with planetary boundaries by Galan-
Martin et al.* while special focus was given to the low-carbon
process design of methanol* and ammonia** synthesis in
subsequent studies. Taking into account China's dominant role
in the methanol market and favorable national policies for
future development of methanol vehicles,**** the feasibility of
forming a low-carbon “methanol economy” in China was
analyzed in our previous work.* Yao et al.** conducted a well-to-
wheel comparison between different fossil-based methanol fuel
production methods while Chen et al.*® studied the economic
and environmental performance of integrating solar energy into
methanol production in China. The future demand for
ammonia in China is predicted to be stable. The coal-to-
ammonia process currently results in almost twice the
amount of CO, emissions compared to the coal-to-methanol
process*” in China. Given the high technology maturity of the
Haber-Bosch process which still produces over 90% of the
ammonia worldwide,” significant emission reduction can be
expected if conventional fossil-based H, production is
substituted with renewable powered alternatives.**>
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Sector integration, especially between the power and indus-
trial sectors, has great potential for facilitating the national
energy transition towards carbon neutrality. However, existing
ESM tools e.g., PRIMES and NEMS only model the chemical
sector as a type of energy demand without detailed consider-
ation of possible technology shifts within the chemical
industry. The benefits of sector coupling via hydrogen were
illustrated by He et al.>* with a case study of the U.S. Northeast
region in 2050, but a full trajectory of such a transition was not
developed. Song et al.** and Chen et al.* also included hydrogen
in power system planning, but hydrogen demand was specified
exogenously.

Overall, this work at hand applies the concept of an
electricity-chemical nexus to study the most cost-effective
transition pathway towards a carbon-neutral simultaneous
supply of electricity, methanol and ammonia in China by the
target year of 2060. High spatial and temporal resolution results
are obtained through a bi-level optimization framework, which
also adapts to future cost changes due to technology learning.
Synergies between the power and chemical sectors during the
transition are analyzed with a special emphasis on the future
role of green methanol and ammonia as liquid energy carriers.

3 Bi-level optimization framework for
energy transition planning

In order to study the most cost-effective transition pathway of
China's power and chemical sectors towards carbon neutrality
as well as the benefit of potential inter-sectorial integration,
a nexus optimization framework is developed as shown in
Fig. 1. In this work, electricity can be generated with flexibility
from dispatchable thermal power plants including coal, natural
gas and biomass, with or without integrated carbon capture and
storage (CCS) facilities. According to China's current electricity
technology mix,* nuclear power is also involved to provide
baseload while hydro, onshore wind, offshore wind and solar
photovoltaic (PV) generation are considered the major variable
renewable energy sources (VREs). The monthly variation in
hydro power is obtained from historical data® while the hourly
capacity factors of wind and solar electricity are calculated with
high-resolution weather data.>*** Pumped hydro technology is
included as well to provide supply side energy storage capacity
for better matching hourly grid demand profiles reported by the
State Grid.*® For the chemical sector, methanol and ammonia
are not only produced from conventional fossil-based processes
with coal, coke-oven gas and natural gas as feedstocks, but also
directly synthesized from hydrogen supplied via flexibly oper-
ated water electrolysis connected to the power sector. Inter-
provincial grid transmission of electricity and road transport
of chemicals are also allowed between adjacent provinces to
combat the problem of spatially uneven distribution of
demands and resources in China. The current provincial
demands of electricity and chemicals are collected from statis-
tical yearbooks®* and first-hand surveys,”*** respectively, while
the future values are obtained from authoritative forecasts.>*>*?
Despite the significant efforts in predicting future demands in
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the aforementioned sources, some underlying assumptions
could remain hard to verify. Therefore, a sensitivity analysis
study on the nexus' transition pathway with respect to future
electricity and chemical demands is conducted at the end of
this work. Concretely, in the base case analysis of Section 4-6,
future demands are projected based on current national poli-
cies and business-as-usual downstream (i.e., external to the
nexus) consumption of relevant products. Considering the
possible  large-scale  penetration of electricity into
unconventional/emerging applications, e.g., electric vehicles
and heating, a new scenario of accelerated electrification’ is
included in the sensitivity analysis of Section 7. Currently,
demand for methanol is mainly driven by conventional down-
stream products such as acetic acid, methyl ter¢-butyl ether and
formaldehyde, as well as plastics via the methanol-to-olefins
process, while that for ammonia is primarily attributed to
nitrogen fertilizer synthesis.'®*”*® Taking into account the
possibility of enhancing plastic recycling and increasing fertil-
izer efficiency in China, a new scenario of reduced chemical
demand is modeled in which a 20% decrease in long-term
methanol and ammonia demands from baseline projections
is anticipated in accordance with the average value of various
sources. %%

In this work, the national emission reduction pathway of
China towards carbon neutrality is adopted from ref. 59 and
subsequently downscaled proportionally to the electricity-
chemical nexus according to the status quo principle.*®®
Concretely, greenhouse gas (GHG) emission targets at the
national level are multiplied by the current share of emissions
induced by China's power and chemical sectors in national total
GHG emissions to obtain the corresponding targets at the nexus
level. Life cycle inventories (LCIs) are considered with all GHG
emissions converted to CO,-eq according to the IPCC 2013 100
year global warming potential (GWP-100a) published in ref. 61.
For each technology, detailed data on direct inputs from the
technosphere (i.e., intermediate exchanges) and outputs to the
environment (i.e., elementary exchanges) that occurred in
construction and operation phases are collected and/or mapped
to the ecoinvent database® as an intermediate to facilitate
subsequent LCI computation. It is worth mentioning that
a variety of impact assessment methods not limited to GWP-
100a can be applied within the general methodology frame-
work shown in Fig. 1, even including user-defined character-
ization factors such as planetary boundary analysis.>****

In order to tackle the modelling complexity of both annual
planning of new capacities over the entire horizon from now to
2060 and hourly scheduling of flexibly operable facilities during
representative days of a year, a bi-level optimization framework
is developed in this work. Given the relatively long construction
time and life span of energy infrastructure, a future horizon
over multiple years has to be considered to avoid short-
sightedness in capacity expansion planning.*® On the other
hand, optimization at high spatial and temporal resolution is
desirable to reduce modelling error in operation scheduling,
especially when VREs are heavily involved.** A single model to
solve both problems simultaneously would soon become
intractable with scale due to the exploding number of variables,
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Fig.1 Framework of the proposed nexus optimization model.

and a hierarchical structure of bi-level optimization is thus
motivated. On the upper level, the capacity expansion model is
solved with receding horizon optimization. During each plan-
ning horizon of 20 years, net present cost consisting of capital,
fixed, variable and startup/shutdown costs discounted to the
starting year is minimized with decision variables covering both
construction and operation phases of various technologies. For
computational tractability, coarser temporal resolution over
a smaller number of representative days is used to model facility
operation and product demands are satisfied with safety
margins for compensation. The time increment for the upper-
level model is set at 5 years, ie., only the capacity expansion
results over the first 5 years of a planning horizon are executed
and the model is re-run from the sixth year onwards. With such
a receding horizon formulation, the model can be updated and
thus adaptive to various new data across iterations. In this work,
technology learning curves are included to estimate the future
capital expenditures of emerging technologies. After each iter-
ation, the cumulative installation of a technology is updated
with its capacity expansion decision during the first 5 years of
the planning horizon and its capital and fixed costs for the next
iteration can thus be calculated with the corresponding tech-
nology learning rate. Also, with high spatial resolution weather
data, the capacity factors of wind and solar generation can differ
for different locations within the same province. After each

This journal is © The Royal Society of Chemistry 2023

iteration, heuristics are applied towards wind and solar site
selection, e.g., locations with higher annual average capacity
factors are more favorable for new installations due to their
lower levelized cost of electricity, and the provincial capacity
factors of existing wind and solar facilities for the next iteration
are refined by averaging over only the selected locations in that
province.

After solving the upper-level capacity expansion model with
the receding horizon optimization technique, the complete set
of construction decisions for the entire time period until 2060 is
passed to the lower-level annual operation model. Together
with construction time and plant lifetime data, the utilizable
capacities of different technologies in all years can be calcu-
lated, serving as capacity constraints in the lower-level model,
which is run on a yearly basis and only optimizes over tech-
nology dispatch to reach the minimum annual operation cost.
Since capacity expansion and operation are decoupled in the
lower-level model, decision variables in the operation phase can
be defined with greater temporal resolution over a larger
number of representative days, thus achieving higher accuracy
in the scheduling of facilities with operational flexibility. Apart
from the treatment of construction related costs as determined
in the lower-level model, construction emissions due to capacity
expansion also need to be subtracted from annual total emis-
sion targets and only the remaining values are used as emission
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constraints for the operation phase. With the aforementioned
formulation and solution strategy of bi-level optimization
models, detailed mathematical equations are presented in ESI
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Section 11 while relevant results on China's transition pathway
of the electricity-chemical nexus as well as the potential benefits
of such sector coupling are discussed in the following sections.
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Fig. 2 Carbon intensity (top line charts with highlighting scatters for final products every 5 years) and technology mix every 5 years (bottom pie
charts) along the nexus transformation pathway for electricity, methanol and ammonia.
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4 Transition pathway of the
electricity-chemical nexus in China
towards carbon neutrality

To study the resulting cost optimal transformation pathway of
each sector within the electricity-chemical nexus, the life cycle
carbon intensities measured in CO,-eq of final electricity,
methanol and ammonia demands are plotted in Fig. 2 together
with the production technology mixes in selected years. Note
that in the calculation of carbon footprints (top part of Fig. 2),
the GHG emissions induced by power consumed in water
electrolysis are allocated to final chemical products in accor-
dance with the life cycle approach.®® The electricity technology
mixes (bottom part of Fig. 2) are plotted based on overall power
generation covering both intermediate consumption and final
grid demand to emphasize inter-sectorial integration under the
nexus structure. The average carbon intensities of the chemical
sector and the electricity-chemical nexus are measured in kg
CO,-eq kW' h™" with methanol and ammonia demands con-
verted to energy units according to their respective lower heat-
ing values (LHVs).*®

Two distinct phases of decarbonization can be observed in
Fig. 2 when the power and chemical sectors are co-optimized
towards carbon neutrality, illustrating the phenomenon of
burden shifting. In the first phase from now until 2045, the
production mixes and carbon intensities of methanol and
ammonia remain almost unchanged at the current levels and it
is the fast decarbonization of the electricity sector that should
be emphasized and drives the overall decrease in carbon
intensity of both sectors. Subsequently, with the increasing gap
between grid electricity (orange dashed line) and nexus (red
dotted line) carbon intensities, the bottleneck of decarbon-
ization gradually shifts to the chemical sector and the inter-
sectorial integration eventually forms through green hydrogen
production from water electrolysis when the electricity sector is
sufficiently decarbonized around 2045. In the second phase of
nexus decarbonization from 2045 to 2060, high shares of
renewable energy in electricity mixes guarantee that a sufficient
amount of low-carbon power can be supplied to electrolysis
processes, which also provides opportunities to fully exploit the
operational flexibility of electrolyzers as detailed in Section 5
and 6. Thus, a clear phase transition from conventional fossil-
based production methods to their green hydrogen-based
counterparts can be observed in the chemical sector after
2045, resulting in significant drops in carbon intensities of
methanol and ammonia. Despite the sharp transition observed
in Fig. 2, it is worth mentioning that constraints on the
maximum rate of capacity expansion derived from historical
data* are enforced in the upper-level model as detailed in ESI
Section 1,f and optimization ensures that sufficient green
chemical plants are constructed before such a phase transition.
Given the time-varying generation of dispatchable thermal
power and VREs, the carbon intensities of electricity are
different across hours. Therefore, the carbon intensities of
power supply during the operation hours of electrolyzers can be
extracted and are shown by the cyan dashed line after 2045 in
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Fig. 2. Since electrolysis is barely adopted until the second
phase of energy transition, the cyan line is not plotted for
previous years. It is interesting to see that despite the continued
decarbonization of the electricity sector after 2045, the carbon
intensity of electricity for electrolysis does not change across
years, indicating that the scheduling of electrolysis is relatively
picky for certain hours of the day when there is an excess of low-
carbon electricity.

The corresponding GHG emission pathway of the electricity-
chemical nexus from 2018 to 2060 is shown in Fig. 3. Despite
that not all technologies' GHG emissions are clearly visible in
Fig. 3, it is worth emphasizing that all technologies shown in
the legend are considered in the optimization model and
technology mixes at different points in time can be referred to in
Fig. 2 above. Also, to prevent double-counting, unlike the
treatment of carbon intensity, all electricity-related emissions
are accounted for by power sector technologies and thus
excluded from those of green chemical production and water
electrolysis as shown in Fig. 3.

From Fig. 3, a continued decrease in GHG emissions in
China's electricity and chemical sectors towards carbon
neutrality can be observed after an initial increase to reach the
peak before 2030. A reduction in nexus GHG emissions of
almost 40% from the peak value is achieved in 10 years before
the large-scale deployment of negative emission technologies
(NETs) around 2040, while another 40% drop is realized in 20
years thereafter. By 2060, the remaining positive GHG emis-
sions are offset exactly by negative CO, emissions to achieve the
net-zero target. As shown in Fig. 3, emissions that occurred in
construction and operation phases are filled with colored dots
and solid colors, respectively. As can be seen, for fuel-based
electricity technologies, their operation emissions constitute
the vast majority of LCIs while for intermittent renewable
generation such as hydro, wind and solar power, almost all LCIs
happen in the construction phase with negligible emissions
during the operation phase observed. For the chemical sector,
emissions are shaded with additional slanted lines in Fig. 3 for
distinction and it can be seen that coal-based production
remains the main contributor of GHG emissions until its future
replacement by a hydrogen-based alternative. In order to facil-
itate such technology transition, a large number of water elec-
trolyzers need to be built to supply green hydrogen with the
corresponding emissions mainly observed from 2045 to 2055 as
shown in Fig. 3. Besides the large-scale adoption of biomass
generation integrated with CCS after 2040, the deployment of
direct air capture (DAC) as another type of NET can also be
gradually witnessed after 2050.

To summarize, the chemical sector can benefit from the
power sector in forming an electricity-chemical nexus in the
following two aspects. Firstly, considering the current high cost
of electrolysis, technology shift in the chemical sector can be
postponed until 2045 when the cost of electrolysis is expected to
be significantly reduced due to future technological advance-
ments.*”” Secondly, the future electricity sector can supply
enough low carbon energy sources for water electrolysis, thus
facilitating deep decarbonization of the chemical sector
through transformation into hydrogen-based processes.
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Fig. 3 GHG emission pathway of the electricity-chemical nexus in China towards carbon neutrality.

Besides the aforementioned benefits received by the chemical
sector, the proposed nexus structure can also contribute to
power sector's development as discussed in subsequent
contents.

5 Enhanced technology learning and
renewable penetration from sector
coupling

Among the various power sector technologies considered in this
work, coal, natural gas and nuclear generation are assumed to
be mature. The technology learning rates of technologies with
CCS integration are adopted from Heuberger et al.*® while those
of renewable energy sources are obtained from the IEA.® In
order to study the effect of integrating the chemical sector with
power sector planning, a reference scenario of the power sector
alone optimized towards carbon neutrality is constructed with
results shown in Fig. 4 for comparison.

From Fig. 4, it can be seen that technology learning of coal-
CCS and natural gas-CCS generation is accelerated in the early
years for the nexus scenario as compared to the power sector
standalone scenario, which can be explained by the burden
shifting effect from the chemical sector to the power sector in
the first phase of nexus decarbonization until 2045. For
biomass-based generation, since more sectors are covered in
the nexus scenario to achieve carbon neutrality, the negative
emission biomass-CCS technology is adopted on a larger scale
while biomass power without CCS is better developed in the

2136 | Sustainable Energy Fuels, 2023, 7, 2130-2145

reference scenario. The developments for hydro-related tech-
nologies are almost identical under both scenarios due to the
very low carbon intensity of hydro power and the unique supply
side storage capability provided by pumped hydro storage. For
wind and solar generation, technology learning progress is
accelerated for the nexus scenario in later years due to the
additional energy requirement from the chemical sector for
green hydrogen production, as well as the more stringent
emission constraint for the entire nexus to reach carbon
neutrality. In particular, the capital cost of solar PV is decreased
to 1658 RMB per kW and 1726 RMB per kW by 2060 in the
electricity-chemical nexus and power sector alone scenarios,
respectively, attributing a further cost reduction of 4% to
accelerated technology learning driven by green chemical
production. Regarding the seemingly abrupt decrease in capital
cost as shown in Fig. 4, it is due to the fact that cumulative
effects over 5 years are plotted in accordance with the frequency
of running an upper-level model, which can be very significant
for emerging technologies in China as shown by historical
records.®” Similar to the chemical sector, growth rate limits are
considered in capacity expansion optimization for the power
sector as detailed in ESI Section 1.}

From the previous discussion, it can be seen that with the
proposed nexus structure, a higher level of renewable penetra-
tion can be achieved in China's future energy system, which is
also evidenced by the substantially higher solar capacity and
annual generation by 2060 under the nexus scenario as
compared to the power sector optimized alone scenario shown
in Fig. 5(A).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Comparison of power sector technology learning between electricity-chemical nexus and power sector standalone scenarios.

The average day hourly dispatch profile shown in Fig. 5(B) is
obtained by summing up the typical day technology operation
profiles of all provinces, each averaged over 12 months of a year.
The electricity generated by solar power is separated into two

This journal is © The Royal Society of Chemistry 2023

portions with the additional generation due to increased
capacity under the nexus scenario as shown in Fig. 5(A) shaded
with yellow cross lines. The actual power consumption profile of
green chemical production is shaded with cyan vertical lines.
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Fig. 5 (A) Capacity and annual operation of power generation technologies for different scenarios in 2060; (B) average day hourly dispatch of

different technologies under the electricity-chemical nexus in 2060.

Despite that total generation from additional solar installation
roughly equals total consumption by green chemicals, their
hourly profiles do not match as shown in Fig. 5(B), highlighting
the contribution of operational flexibility from the chemical
sector. In particular, more power is consumed during peak
hours of solar generation while less consumption is observed
during non-peak hours. As a result, the otherwise-would-be-
curtailed generation from existing facilities is partially
consumed during peak hours, thus mitigating the problem of
renewable curtailment. Meanwhile, more solar power is
“pushed” into the grid to satisfy final electricity demand with
the additional installation during non-peak hours, further
increasing the level of renewable penetration in the power grid.
Concretely, the annual generation of coal-CCS technology in
2060 is reduced by about 10% from 3000 TW h in the power

2138 | Sustainable Energy Fuels, 2023, 7, 2130-2145

sector standalone scenario to 2700 TW h in the nexus scenario,
as shown in Fig. 5(A). Therefore, through the integration of the
chemical sector with the power sector, the benefit of increasing
the share of renewable energy can be realized not only in the
overall electricity generation mix, but also in the final grid
demand supplied to other sectors outside the electricity-
chemical nexus.

6 Role of green methanol and
ammonia as temporal and spatial
energy carriers

Annual generation and curtailment of variable renewable
energy sources including hydro, onshore wind, offshore wind

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Annual renewable generation, intermediate consumption and curtailment under the electricity-chemical nexus.

and solar power along with the transformation of the electricity-
chemical nexus towards carbon neutrality are shown in Fig. 6.
The highest renewable curtailment rate of nearly 20% is
observed around 2045 just before the large-scale deployment of
green chemical production. Thereafter, with the flexible oper-
ation of electrolysis that can be optimally scheduled only during
peak hours of renewable generation as illustrated in Fig. 5(B),
the problem of curtailed electricity can be significantly miti-
gated even with the continued increase in VRE deployment and
stagnant grid demand after 2045. Finally, the curtailment rate
falls below 5% by 2060 as shown in Fig. 6.

Besides the intra-day intermittency of VRE generation as
previously shown in Fig. 5(B), the variation in resource avail-
ability can also be observed across longer time horizons.
Through the formation of an electricity-chemical nexus, short
term fluctuation in VRE generation is mainly handled with
flexible operation of electrolyzers at an hourly scale while the
mitigation of cross seasonal variation in VRE availability lever-
ages the role of methanol and ammonia as energy carriers for
long term storage. As shown in Fig. 7, the monthly total elec-
tricity generation from various technologies and consumption
for different purposes are compared between two years along
the future development of the electricity-chemical nexus before
(2045) and after (2060) the large-scale production of green
chemicals.

As can be seen, grid demand remains almost stable from
2045 to 2060 while the deployment of VRE significantly
increases due to the more stringent emission constraint and
additional energy requirement of the chemical sector in later

This journal is © The Royal Society of Chemistry 2023

years. However, the total amount of curtailed power decreases
in most months of 2060 as compared to 2045 due to the inte-
gration of green chemical production, resulting in a substan-
tially lowered renewable curtailment rate. Given the relative
ease and safety of long term storage for methanol and
ammonia,"** their potential as future cross seasonal renewable
energy carriers is exploited in the nexus optimization model by
allowing flexible production schedules over different months
and only requiring their demands to be satisfied on an annual
basis. Concretely, it can be seen from Fig. 7 that more renewable
generation is available during spring and summer than during
autumn and winter. However, due to the significantly higher
grid demands in summer and winter, more fossil-based power
is actually generated in those months. Thus, more curtailment
can be observed in transition seasons in 2045, resulting in more
green chemical production scheduled during spring and
autumn in 2060.

Besides the future usage of methanol and ammonia as
temporal energy carriers for long term storage, their contribu-
tion to the nexus can also be realized from a spatial aspect
through long distance transport of green chemicals across
provinces.

In China's future development of the electricity-chemical
nexus dominated by renewable energy sources, the issue of
spatial mismatch between demand centers in southeastern
provinces and regions with abundant renewable resources, e.g.,
northern and northwestern provinces for wind and solar and
southern provinces for hydro energy, has to be resolved.** Inter-
provincial electricity transmission through the power grid
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Fig. 7 Comparison of power sector monthly operation under the electricity-chemical nexus between 2045 and 2060.

would play an increasingly important role in that aspect as
illustrated in Fig. 8(A) by 2060. Meanwhile, as shown in Fig. 2,
the carbon intensity of electricity consumed for green chemical

2140 | Sustainable Energy Fuels, 2023, 7, 2130-2145

production can be as low as 0.072 kg CO,-eq kW~ " h™", which is
slightly below that of solar electricity. Therefore, a significant
amount of renewable energy is also converted into green
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equivalently gets transmitted together with the inter-provincial power grid, but also via green chemicals outside the grid, thus
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particular, with the proposed nexus structure in 2060, about
9200 TW h electricity is transmitted through the grid while
another 1700 TW h of clean energy is transmitted via green
chemicals, resulting in an equivalent grid expansion of 18.4%
as shown in Fig. 8(A).

In the current model, construction of new generation,
storage and transmission facilities as well as their operation in
the power sector are co-optimized together with methanol and
ammonia production and transport. Therefore, the resulting
grid capacity should always remain near optimal in terms of
minimal net present cost. However, transmission planning in
the real world can be nonideal and far from optimal. For
example, curtailment of hydro® and wind/solar® power were
observed in South and Northwest China, respectively, in recent
years due to insufficient transmission capacities, while existing
ultra high voltage direct current (UHV-DC) lines could also
suffer from low utilization rates due to lack of negotiation and
supporting facilities.” To study the potential of green chemicals
in tackling the problem of stagnation and saturation in the
planning and construction of transmission corridors out of
future energy hubs, a sensitivity analysis is conducted as shown
in Fig. 8(B) where a deficit ratio is applied to the grid capacity of
all inter-provincial transmission lines under the electricity-
chemical nexus in 2060. A maximum deficit rate of 35% is
used as the threshold below which the annual operation model
returns no solution. As seen, if grid capacity was constrained,
the amount of energy transmitted via the power grid would drop
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significantly while that transported via green chemicals could
remain almost unchanged, even with very slight increments due
to the substitution of coke-oven gas-based methanol production
(see Fig. 2) by the hydrogen alternative. As a result, the ratio of
equivalent grid expansion could increase from the original 18%
to almost 24% at a grid deficit rate of 35%, further emphasizing
the role of green chemicals as spatial energy carriers under
insufficient grid transmission capacities.

7 Sensitivity of the transition pathway
to future demands

As described in Section 3, new scenarios of incremental and
decremental deviations in future electricity and chemical
demands, respectively, from base case projections are estab-
lished, which together with base case demands result in four
different combinations. Similar to Fig. 2, the most cost-effective
transition pathways of the electricity-chemical nexus under
those new scenarios are obtained from the bi-level optimization
model and plotted in Fig. 9 below. While the top and bottom
subfigures correspond to base case electricity demand and
accelerated electrification, respectively, the base case and
reduced chemical demands are represented with dashed and
solid lines, respectively, in each subplot.

As seen from Fig. 9, increased electricity demand leads to
significant difficulty in the carbon neutral transition of the
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Fig. 9 Optimal transition pathways of electricity-chemical nexus under different future demands for electricity and chemicals.
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electricity-chemical nexus, especially for the second phase when
unexploited renewable resources are limited. As a result, higher
carbon intensities of about 0.1 kg CO,-eq kW h™" for grid
electricity and 0.38-0.46 kg CO,-eq kW™ h™" for chemicals
(depending on reduced or normal demands) by 2060 are wit-
nessed under accelerated electrification scenarios, as compared
to the values of 0.04 kg CO,-eq kW™ h™ " grid and 0.21-0.26 kg
CO,-eq kW' h™' chemical demands for their base case coun-
terparts. However, it is worth mentioning that the carbon
footprint of electricity consumed in electrolysis remains at
approximately 0.07 kg CO,-eq kW' h™* for all scenarios, indi-
cating that solar power continues to serve as the main energy
source for green H, as explained in Section 5. Regarding the
chemical sector, lower demand benefits emission reduction,
especially in the near-term when coal-based chemical produc-
tion still dominates China's market and has to be expanded to
satisfy increasing demands in the near future. Overall, despite
the uncertainties in predicting future electricity and chemical
demands, a distinct two-phase pattern before and after 2045, as
detailed in Section 4, can still be observed in the transition of
China's power and chemical sectors towards carbon neutrality.

8 Conclusion and future work

In conclusion, with the bi-level adaptive energy planning
framework developed in this work, both capacity expansion and
annual operation decisions are optimized at high resolution for
the transition pathway of the electricity and chemicals sectors
in China towards carbon neutrality by 2060. Significant decar-
bonization of the power sector in terms of both total GHG
emissions and carbon intensity is first observed, while a clear
phase transition from conventional fossil-based chemical
production to hydrogen-based counterparts occurs only after
2045, when the cost of electrolysis is comparatively low and
sufficient amount of renewable energy can be provided by the
electricity sector. As compared to the reference scenario in
which the power sector is optimized alone without considering
the chemical sector, the proposed nexus structure accelerates
technology learning of CCS-integrated and VRE generation as
well as increases the level of renewable penetration in the final
electricity mix. With the coupling of the power and chemical
sectors after 2045, renewable curtailment is significantly
reduced from nearly 20% to below 5%. While the operational
flexibility of water electrolyzers contributes to mitigating intra-
day hourly fluctuations in VRE generation, the cross seasonal
variation in resource availability can be tackled with monthly
varying production rates of methanol and ammonia given their
suitability for long-term storage. Furthermore, the spatially
discrete modelling reveals how inter-provincial transport of
green chemicals allows the transport of renewable energy
outside the power grid as liquid energy carriers. This expands
the total energy transmission capacity over long distances and
mitigates the imbalanced regional distribution of demands and
resources in China. Finally, considering the uncertainty in
future electricity, methanol and ammonia demand values,
a brief sensitivity analysis on the optimal transition pathways
with respect to demand predictions is conducted. The results

This journal is © The Royal Society of Chemistry 2023
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show that higher electricity demand adds barriers to the second
phase of transition while lower chemical demand accelerates
emission reduction in the first phase; however, the distinct two-
phase structure of transition remains valid under different
demand scenarios.

Currently, this work optimizes the coupling only between the
power and chemical sectors in China towards carbon neutrality,
yet the findings are believed to provide valuable insights. Given
China's current coal-dominated energy structure and poor
reserve in natural gas, the two-phase transition pathway of this
study indicates that a shift in the power sector towards renew-
able energy is of first priority in decarbonizing the nexus, which
is reasonable since without low-carbon electricity, neither direct
electrification nor electrolytic H, can realize their full potential.
In the future, other sectors could be incorporated to form a full-
scale system-wide study on energy transition, especially in the
long-term. Concretely, the strategy of electrification can be
adopted to further extend the nexus structure over the heating
and transport sectors via technologies such as electric heating
and electric vehicles. Meanwhile, a future hydrogen economy,
with methanol/ammonia as its carrier, can be envisioned. For
example, hydrogen heating and direct reduced iron (DRI) via H,
contribute to emission reduction in the cement and steel
industries, respectively, while hydrogen vehicles/ships can
complement the decarbonization of transportation over long
distances.
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