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China’s commitment to decarbonization has become a foundational principle
guiding policymaking at national, provincial, and local levels across diverse
sectors. This commitment is especially evident in the active promotion of low-
carbon energy transitions by all provinces, aligning with the national goal of carbon
neutrality. This paper focuses on Ningxia Province and constructs five scenarios for
low-carbon energy transition, adopting the multi-level perspective. These scenarios
include the business-as-usual scenario (BAU), high electrification scenario (HES),
high outward electricity scenario (HOS), low carbon scenario (LCS), and energy
saving scenario (ESS). Utilizing the LEAP-Ningxia model, we simulate energy
demand across various sectors until 2060. The quantitative analysis covers
primary energy production, secondary energy conversion, final energy
consumption, and CO, emissions. Notably, under scenarios incorporating
carbon capture and storage (CCS) and carbon credits, the total CO, emissions
in Ningxia are projected to decrease to 17~23 Mt CO, until 2060 under BAU, HES,
and HOS. In LCS and ESS, a remarkable achievement is forecasted with 6~93 Mt
CO, of negative emissions from the energy sector in Ningxia until 2060. The
findings underscore the importance of diverse CO, reduction measures and their
impacts on achieving a zero-carbon energy transition in Ningxia. The implications of
scenarios with CCS and carbon credits showcase significant reductions in CO5,
emissions, aligning with China’s broader decarbonization goals. The results provide
valuable scientific support and insights for policymakers and stakeholders involved
in steering Ningxia towards a sustainable and low-carbon future.

KEYWORDS

energy transition, decarbonization, multi-level perspective, carbon neutrality, CO,
reduction measures

1 Highlights

1) Achieving a zero-carbon energy transition in Ningxia requires coupling and balancing
multiple sectors and energy sources.

2) The zero-carbon energy transition in Ningxia Province requires the integration and
cooperation of a series of factors, including technology, economy, policies and social
regime.
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3) If carbon capture and storage and carbon credits are ignored,
Ningxia can realize carbon peaking by 2030, but cannot realize
the carbon neutrality goal by 2060.

2 Introduction

In September 2020, Chinese President Xi Jinping declared China’s
commitment to achieve carbon neutrality before 2060 in the United
Nations General Assembly (Zhao, 2022). He then further announced
China’s intention to submit its updated Intended Nationally
Determined Contributions (NDC) soon. In October 2021, the
leadership group of CPC Central Committee launched the “1 + N”
climate policy system for carbon peak and carbon neutrality. This
initiative began with one top-level guideline document and several
additional core documents, each outlining detailed measures for
achieving sector-specific decarbonization (Wu, 2023). The Central
Government has proposed that regions, sectors and enterprises
equipped with the conditions should proactively lead efforts. Both
sectors and local governments are encouraged to formulate plans for
carbon peak and carbon reduction (Qi et al., 2023).

Global efforts to address climate change have undergone
China’s
neutrality goal signifies a long-term economic vision centered

significant transformations. commitment to carbon
around decarbonization. In the post-COVID era, numerous
countries have turned to the green stimulus packages. The global
green recovery initiative has prioritized the development of
renewable energy, clean transportation, green buildings, low-
carbon technologies, efc., aiming to stimulate economy recovery
and CO, emission reduction simultaneously. China has developed
policies such as “dual-carbon” goals, the national 14th Five-Year
Plan and the provincial carbon peaking action plan, signaling the
acceleration of the inclusive low-carbon transition in Ningxia.
Ningxia, as China’s first national-level comprehensive new
energy demonstration zone, enjoys the unique advantage of
abundant wind and solar resources within a small land area,
coupled with reliable power grid and stable transmission
infrastructure. Moreover, Ningxia’s energy consumption used to
rely on coal resources heavily, posing a challenge to sustainable
practices and the low-carbon energy transition (Gan et al., 2021).
In 2021, coal resources constituted over 85% of Ningxia’s energy
consumption (compared to the national level of 57%), and the
GDP per unit of energy consumption was four times higher than
the national average. To achieve the “dual-carbon” goal, Ningxia
Province must expedite the development of a new energy-
dominated system which is clean, low-carbon, safe and efficient.
This involves not only controlling total energy consumption but
also decoupling energy CO, emissions from economic growth,
ensuring a continuous decline in both GDP per unit of energy
consumption and carbon emissions. Shifting towards cleaner and
renewable energy sources is instrumental in securing the
sustainability of Ningxia’s economy. This transition not only
bolsters local energy security but also has the potential to
additional
Conversely, an excessive dependence on conventional energy

attract investments, fostering job  creation.

sources may result in environmental pollution and resource

exhaustion. Energy transition plays a pivotal role in

ameliorating Ningxia’s environmental quality and mitigating
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adverse impacts on the ecosystem. Through the modeling of the
zero-carbon energy system transition path and the mechanism
design of CO, reduction measures, practical guidance can be
provided to promote the development of green energy systems
towards sustainable growth in Ningxia Province.

The paper is organized as follows. Section 2 reviews the
perspectives and models of the energy transition in the literature.
Section 3 describes the methodology we use to analyze the low-
carbon energy transition in Ningxia Province. Section 4 describes
the data and scenario setting. Section 5 presents the results, and
Section 6 concludes.

3 Literature review

To achieve the goal of carbon neutrality, in recent years, the
process of the low-carbon energy transition has been accelerated
both in China and abroad (Tian et al., 2022). Globally, numerous
countries are advocating for a transition from fossil fuel-dominated
energy system to those dominated by non-fossil fuels. Various
measures have been adopted to incentivize a gradual shift from
coal, oil, natural gas to renewable sources such as wind, solar and
hydro. (Wang et al., 2016). Achieving a feasible and economically
viable energy transition characterized by a high proportion of
renewables involves shifting primary energy consumption to an
energy system dominated by renewable energy. This requires
coordinated efforts across various energy sectors, including
electricity, heating, transportation and industrial sectors (Hansen
et al, 2019). Consequently, various countries and regions have
implemented pertinent energy transition strategies. The European
Commission has put forward a series of policy initiatives in the
European Green Deal, aiming to achieve climate neutrality in
Europe by 2050 (Kougias et al., 2021). Germany has stated it
would shift from fossil fuels and older technologies to the new
fuels and technologies, and would gradually phase out nuclear and
coal power stations (Bartholdsen et al., 2019). The United Kingdom
has passed legislation with the aim of reducing greenhouse gas
emissions to net zero by 2050 (Yang et al., 2022). Meanwhile, various
local governments are practicing local low-carbon energy initiatives
by regulation adjustment and policy innovation, in alignment with
the efforts to combat climate change and to avoid carbon lock-in
(Warbroek and Hoppe, 2017).

Based on the imperative to mitigate the impact of climate change and
the heightened significance of energy security and independence under
geopolitical warfare (Sovacool et al., 2023), the world’s major economies
are aware of the necessity of a rapid transition to a low- or zero-carbon
energy system. China’s proposal of a “dual-carbon” goal is not only a
national commitment, but also an urgent requirement for the
transformation of its domestic economy. It has demonstrated the
development concept of “lucid waters and lush mountains are
invaluable assets”, indicating that China’s future economic and energy
development must be restructured (Xu and Liu, 2019). Towards
achieving the “dual-carbon” goal, China has to address long-term
issues, including encouraging energy users to adopt renewable energy,
establishing a new energy-dominated power system, and reducing
emissions while guaranteeing the safe energy supply (Abbasi et al., 2022).

Low-carbon energy transition is a multifaceted and intricate
process, encompassing various dimensions such as technology,
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market, policy, and environment (Geels et al., 2016). In terms of
technology, recent years have witnessed the emergence of renewable
energy, energy storage and electric vehicles as pivotal technologies
(King and Van Den Bergh, 2018). Technological innovations have
spurred investment in renewable energy. The continuous progress in
renewable energy technologies (Kobo et al., 2016) has witnessed
significant decreases of cost, as well as exponential growth in
renewable energy power capacity (De La Pena et al, 2022).
Market mechanism plays a crucial role in facilitating low-carbon
energy transition. The design of electricity, carbon and green finance
markets all contribute to shaping the trajectory of low-carbon energy
transition. The electricity market and carbon market have
accelerated the phase-out of fossil fuels and provided business-
friendly conditions for
Bumpus, 2016; Mo et al., 2021). Policy interventions are pivotal,

renewable energy (Wainstein and

and it is essential to provide financial support and opportunities for
emerging low-carbon technologies (Tu et al., 2018). Green financial
support and private capital are particularly influential in driving
renewable energy deployment, especially in developing countries
(Rogge 2017; 2018).
Environmental considerations are integral to the discourse on

and Johnstone, Anbumozhi et al.,.
low-carbon energy transition. Attention has been directed
emissions tools and

CO,

towards developing CO, accounting

implementing  measures  for emissions  reduction
(Pichancourt et al., 2018).

The energy system is complicated, featuring in a huge number of
branches, multiple energy categories and sectors, interaction among
branches, and high correlation among society, economy and
environment (Zou et al, 2023). Existing modeling techniques for
energy system complexity include top-down energy model, bottom-
up energy model and mixed-energy model from hierarchical
perspective (Feng et al., 2023). Top-down models are usually based
on economic models, with energy prices and economic elasticity as the
main economic indicators (Ismail et al.,, 2023). Focusing on the energy
consumption and energy production, top-down models are used for
macroeconomic analysis and energy policy design. Examples include
CGE, ARE, efc., but such models usually neglect the potential of
technological advances (Rhodes et al., 2022). Bottom-up models are
usually based on engineering models, which explain and simulate the
technologies used in the process of energy consumption and energy
production (Chatterjee et al,, 2022), but require a large amount of data.
Examples include LEAP, WEM, etc. Mixed energy models include both
top-down models that consider macroeconomics and bottom-up
models that consider energy supply and demand (Liu, 2023).
Examples include GCAM, TIMES, efc. Given the model difficulty
and data complexity, the mixed energy model is less compatible
(Wilson and Swisher, 1993).

Most existing studies have modelled energy transition pathways
from a techno-economic perspective, and then analyzed the
potential CO, emission reduction of key sectors (Wang et al,
2007; Lin and Xie, 2014; Zhou et al., 2018; Wu et al., 2020),
pointing out that power and transportation are vital for CO,
emission reduction in the future (Huang et al., 2022). However,
there is a lack of analysis regarding the contribution of feasible CO,
emissions reduction measures in microregions from the multi-level
perspective. This paper provides an empirical analysis of the energy
transition in Ningxia from the multi-level perspective, which is
crucial for the region to determine effective strategies for the
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Three perspectives related to energy transition.

application of CO, emission reduction measures. In this study,
we introduce economic, environmental, and energy factors into
the LEAP-Ningxia model, setting up five scenarios for the different
feasible measures through the multi-level perspective. Subsequently,
we simulate the zero-carbon energy transition pathways in Ningxia
based on the scenarios, and analyze the contribution of CO,
emissions reduction drivers.

4 Methodology

4.1 The multi-level perspective for energy
transition

The multi-level perspective (MLP) is an important analytical
framework in the theory of socio-technical system transformation
(Geels, 2011). Schot and Kanger, (2018) explored the concept of “deep
transitions” and how it extends MLP to understand transformative
changes in societal systems. It is argued that the transformation is not
a simple cause-and-effect relationship caused by a single factor or
driving force (Markard and Truffer, 2008), but rather an evolutionary
process formed by the interaction of three aspects: the policy
landscape at the macro-level, the socio-technical paradigm at the
meso-level, and the niche technology at the micro-level. It is an
evolutionary process formed by the interaction of these three aspects.
A framework for analyzing the regional energy transition from a
multilevel perspective is given in terms of the synergistic effects of
policy, socio-technical and techno-economic, as shown in Figure 1.

(1) Policy perspective refers to issues and policies related to energy,
such as achieving national modernization, bolstering energy
independence, or alleviating energy poverty (Cherp et al., 2018).
In terms of policy, a facet of energy transition involves measures
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undertaken by the government to pursue the national interest.
These measures aim to maintain internal order by achieving the
supply-demand balance of energy, ensuring a reliable power
supply, securing the independence on the external energy by
minimizing energy imports or maximizing exports, and
guaranteeing industrial competitiveness. Additionally, they
contribute to increasing employment and achieving economic
growth through energy development. Secondly, policymakers
establish rules and institutional mechanisms that both support
and constrain energy development. These mechanisms aim to
aggregate the actions of market participants, facilitate the
efficient allocation of energy resources, enhance international
influence, and achieve carbon neutrality goal.

—~
S
~

Socio-technical perspective refers to information flows such as
knowledge and practices related to energy extraction,
conversion and utilization. A primary focus lies in the
emergence and diffusion of new technologies, which usually
first appear in the core countries, and then diffuse to other
countries. Technology development follows an “S-curve”,
delineating a cycle encompassing infancy, growth, maturity
and decline (Grodal et al., 2023). Another focus is on
assessing the established energy innovation system. For
example, the expansion of newly introduced elements within
the existing system may either foster innovation or clash with
prevailing interests, hindering innovation, and leading to
technology lock-in. However, typically, new elements have
the potential to overcome technology lock-in, propelling new
technologies toward maturity and competitiveness. This entails
the development of energy systems with more flexible
participants, rules and practices.

(3) Techno-economic perspective refers to the energy flows
associated with the

processes of energy exploitation,

conversion, production, and consumption, primarily
coordinated by the energy market. On the one hand, it
focuses on the energy supply side, involving the exploitation
of resources such as wind, solar, hydro, oil and natural gas. On
the other hand, the focus is on the energy demand side, such as
the electrification of transportation and building (Zhou et al,
2019). The techno-economic perspective necessitates achieving
a balance between supply and demand through the intelligent
information system. This means that any alteration in the
supply or utilization of one particular type of resources must
be counterbalanced by other types of resource with a matching
amount of energy. For example, the expansion of renewable
energy generation creates an increase in energy supply,
necessitating a corresponding increase in  electricity
consumption demand, a gradual phase-out of fossil fuels, or
an elevation in the outward electricity transmission to sustain

the balance (Ma et al., 2023).

The new energy development landscape proposed by the
government is giving pressure to the existing energy system.
However, it also presents an opportunity for new technologies,
propelling the transformation of the socio-technical system.
Breakthrough innovations stemming from micro-technologies,
coupled with continuous learning and efficiency improvements
will garner growing intrinsic motivations and exert an impact on
the existing socio-technical system. The system is undergoing gradual

Frontiers in Energy Research

10.3389/fenrg.2023.1305885

change, with resource development shifting towards decentralized
and distributed. Customers are increasingly opting for more
economical and environmental friendly energy choices, while
energy technology and infrastructure are becoming more flexible
and low-carbon. As shown in Figure 2, driven by the integration of
policy, socio-technical and techno-economic factors, a new socio-
technical regime is expected to be gradually established. This will
facilitate the transition to the new energy-dominated system and
contribute to the realization of national development goals.

4.2 Introduction of LEAP-Ningxia model

The LEAP (Low Emissions Analysis Platform) energy model is a
system designed for mid- and long-term planning, encompassing
energy, economy, and environmental considerations. It serves as a
valuable tool for long-term energy alternatives planning, policy
analysis and climate change mitigation assessment. It is a
comprehensive “bottom-up” energy environment accounting tool
based on scenario analysis, as shown in Figure 3. This method
predicts the energy demand, supply and environmental impact of
various sectors through mathematical models. Furthermore, the
LEAP model offers comparative cost-benefit analyses under
different scenarios, enhancing its utility in informed decision-making.

In this paper, the LEAP-Ningxia model is based on the
characteristics of energy supply and consumption in Ningxia
Province. There are four core modules: socio-economic
development, final energy demand, primary energy production

and environmental emissions.
(1) Socio economic development module

The socio-economic development module captures the socio-
economic factors influencing energy dynamics in Ningxia Province,
including the industrialization and urbanization. It forecasts the
population, economic value added and other major macro-
economic indicators, mainly including population growth rate
and the economic value added by sectors, which are the basic
data for the next-step prediction.

G =G  x(1+a) (1)

Where, G! is the economic value added of the sector (i) in the
year (t), t represents the year, i represents the sector. i refers to
agriculture, industry, construction, transportation, commerce and

other sectors respectively. ! is the growth rate of economic value
added of the sector (i) in the year (t).

5
G =YG )

i=1

Where, G}*" is the sum of economic value added of all the
sectors in the year (t).

Py =Py x (1+f,) ©)

Where P; is the population in the year (t). f, is the population
growth rate in the year (t).

(2) Final energy demand module
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Analytical framework of energy transition from the multi-level perspective.
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FIGURE 3
The LEAP-Ningxia model under the multi-level perspective

The final energy demand module takes account of economic and
social development, energy and technological progress, energy policies
and other factors. It forecasts final energy demand by sectors and
types of energy in the future. First, it predicts the final energy use
intensity of per-GDP economic value added of different sectors and
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per capita household energy use intensity. Secondly, based on the
results of economic value added of different sectors and P;
(population) from the first module, multiplying G' (economic
value added of sector i) and ei (final energy use intensity of per-
GDP economic value added of sector i) together will give F! (sum of
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final energy consumption of sector i). Multiplying P; (population) and
A (per capita household energy use intensity) together will give Fi
(sum of household final energy consumption). Adding up the values
will have F{*" (sum of final energy consumption).

Fi=G xé& i=1,2,3,4,5 4)

Where, F! is the final energy consumption of the sector (i) in the
year (t), from 1 to 5, i refers to agriculture, industry, construction,
transportation, commerce and other sectors respectively. When i =
1,2,3,4,5, £i is the per-GDP final energy use intensity of the sector (i)
in the year (t).

Fi=P,xXA i=6 (5)
Where, P is the total population of the year (t). Wheni=6, )Li is
the per capita household energy use intensity in the year (t).

6
F = Y'F, (6)
i=1

Where, F{*" is the sum of final energy consumption in the
year (t).

Considering the potential, utilization technology and economic
benefits of different types of energy, this module predicts the
proportion of energy consumption by sectors and by types of
energy. Based on the final energy demand of different sectors,
the module projects the final energy consumption of different
sectors and different types of energy.

6 6
Fl =YY (Fix6)

i=1j=1

(7)

Where, F/ is the final energy consumption of the energy type (j)
in the year (t), j represents the energy type. From 1 to 6, j refers to
coal, oil, gas, electricity, heat and hydrogen respectively. 9{;,- is the
proportion of the energy (j) in sector (i) of the year (t).

(3) Primary energy production module

The primary energy production module takes account of the
balance between energy supply and demand, processing and
conversion efficiency, factor endowments, efc., to forecast the sum of
primary energy production by sectors and types of energy in the future.

The gradual shift of an energy system dominated by fossil fuels
to one dominated by new energy means that the power sector will be
the core of pursuing the carbon neutrality goal. Therefore, the
energy balance focuses on plans and policies related to power
and energy. The power supply structure is predicted through the
balance of electricity and power, which is bas.ed on Eq. 8. Equations
9, 10, representing the constraints of electricity balance and power
balance, respectively. Then, the power generated by each energy type
is converted to the standard unit of energy according to the power
conversion factor, thus calculating the primary energy consumption

required for power generation.
all _ plocal outside
EY" = E” + E]

(8)

Where, E? is the electricity generation of Ningxia Province in
the year (t), Ei““’l is the local electricity consumption of the whole
province in the year (t), considering a 15% reserve margin and a 15%
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new energy uncertainty margin. E?“*% is the outward electricity
transmission in the year (t). When E®“'4¢ < 0, it represents inward
electricity, E;’“tsjde >0, it represents outward electricity, Ef“ts{de: 0, it
represents the balance of inward and outward electricity in Ningxia.
N
E"< B )
g=1
Where, E{ is the power generation of supply type (g) in the year
(t), g represents the power supply type, and N is the amount of
power supply types, including coal, oil, gas, coal with BECCS, hydro,
nuclear, wind, solar, etc.

N
Piocal < z PEq
g=1

(10)

Where, P°@! is the peak load of Ningxia in the year (t). P{ is the
outward generation of supply type (g) in the year (t).

S} = E x w9 (11)

Where, S represents the amount of coal equivalent converted to
primary energy consumption by the power supply type (g) in the year
(1), w9 represents the equivalent conversion coefficient of electricity.

S?utside — E:Jutside x 1, % w9 (12)

Where, S represents the amount of coal equivalent
converted to outward electricity by the power supply type (g) in
the year (t). 5, represents the proportion of power generated from
coal in the outward electricity.

Next, the paper calculates the total primary energy consumption
including the primary energy consumption of power generation,
intermediate conversion and final fossil fuel.

(4) Environmental emission module

LEAP-Ningxia model includes a tool with emission factors
corresponding to various energy types to calculate the emissions of
greenhouse gases and air pollutants. This paper uses IPCC reference
value to calculate carbon dioxide emissions. Carbon dioxide emitted in
the whole society is counted by the scope of energy activities, including
direct carbon dioxide emissions from fossil fuel consumption in
Ningxia Province and indirect emissions from power transmission.

C = io;‘f“

a=1

(13)

Where C; is the amount of CO, emission in the year (t). O}, O,
Of represents the consumption of coal, oil and gas in the year (t),
respectively, and #', £%, #° represents the CO, emission factor of
coal, oil and gas, respectively (refer to Supplementary Table S1).

5 Data and scenario setting

5.1 Prospect of economic and social
development

The population growth in Ningxia Province is decelerating and
is projected to turn negative after 2030. Furthermore, the economic
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FIGURE 4
The population outlook in Ningxia.

- Growth rate of population

growth engine will shift from demographic dividend to talent
dividend. Referring to the data from the seventh census and the
historical population growth rate, China’s overall population growth
has notably decelerated, and forecasts indicate a peak around 2030
(NDRC, 2017). The implementation of the new birth policies and
other supportive measures related to education and taxation may
alleviate the downward population trend in the future. Since 2021,
the average annual population growth rate every 5 years of Ningxia
will reach 0.3%, 0.1%, —0.1%, —0.1%, —0.2%, —0.3%, —0.3%, —0.3%.
The total population in 2060 will fall back to the level of 2016 (refer
to Figure 4), reaching 6.94 million. In 2020, population with tertiary
education accounted for 20%-30% in Ningxia. With the spread and
improvement of education, the quality of the population is expected
to enhance further. Additionally, the working-age population will
play a crucial role in providing support for innovation and human
resources for industrial upgrading and economic development. As a
result, it is anticipated to bring a counterbalance or potential surpass
of the negative impact on economic development resulting from
negative population growth.

The economic development of Ningxia has embraced two tasks:
stock adjustment and growth optimization. Achieving this
necessitates a shift in the driving force, aiming to restructure the
modern industrial system and establish the economic growth as its
foundation. As the quality of population improves in Ningxia, the
momentum of economic growth in the future will shift from being
resource-driven to being innovation-driven. Leveraging its
advantages in energy resources and geography, Ningxia will
efficiently develop and utilize clean energy. Additionally, there
will be a strong emphasis on promoting industries with local
features, such as tourism and organic food (Ningxia and NX,
2021; Ningxia and NX, 2022). The target is to double Ningxia’s
GDP (gross domestic product) in 2035 and quadruple in
2060 compared to 2020. Since 2020, the projected average annual
growth rate of GDP every 5 years will be 6.0%, 5.5%, 5%, 4.5%, 3.9%,
3.3%, 3.0% and 2.7%. Consequently, the GDP is expected to reach
2 trillion CNY by 2060.
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The industrial structure plays a pivotal role in influencing
environmental quality and CO, emissions. With the development
of economy and society, the industrial structure of Ningxia is expected
to undergo further optimization. Examining the primary industry
(agriculture, forestry, animal husbandry and fishery, below referred to
as agriculture), since agriculture is the fundamental guarantee of food
security, it is anticipated to maintain a share of around 5% by 2060.
Considering the secondary industry (industry and buildings), the scale
of the industrial sector generally correlates directly with CO,
emissions. The correlation between CO, emissions and per capita
GDP resembles an inverted U shape, which is similar to that between
industrial sector and per capita GDP. Currently, the proportion of
value added from industrial output in most developed countries
ranges between 15% and 25%. Consequently, the proportion of
Ningxia’s value added from industrial output is projected to reach
21% by 2060. The value added from building output of Ningxia is
anticipated to be 5.5% by 2060. This projection is based on factors
such as the declining total population, the deceleration of urbanization
rates, and an aging population, all contributing to a reduced the
demand for building sector. In terms of the tertiary industry, with the
continuous growth of income, the demand for service-oriented
products will rise, which will also increase the value added from
the tertiary industry. The proportion of value added from commerce
in Ningxia is targeted to be 61% by 2060. The proportion of value
added from different sectors and the outlook of Ningxia are shown in
Supplementary Table S2 and Figure 5.

5.2 Prospect of energy and power demand

5.2.1 Prospect of final energy consumption

Considering the socio-economic indicators such as economic
development objectives, industrial restructuring, population growth
changes, and urbanization progress in Ningxia, this study sets two
scenarios of final energy consumption (FEC), namely, the baseline
scenario and energy saving scenario.
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The GDP outlook in Ningxia.

(1) In the baseline scenario, with reference to historical energy use

intensity and taking account of utilization efficiency
improvements, the proportion of the FEC by sectors at key
time points is set in this paper. Since 2020, the average annual
growth rate of total FEC every 5 years will be 4.5%, 2%, 0.5%,
0.2%, —1%, —2%, —3% and —3%, reaching a peak of 81.08 Mtce by
2040, and declining to 51.4Mtce by 2060, reverting to the
2019 level, as shown in Supplementary Table S3.

(2) In the energy saving scenario, with the development of the
socio-technical system, the terminal infrastructure will reduce
energy use intensity adopting

technologies. The energy conversion process will further

through energy-saving
improve the efficiency of energy conversion and utilization.
Since 2020, the average annual growth rate of total FEC every
5 years will be 3.5%, 1.8%, 0.5%, —0.3%, —1.0%, —2.0%, —3.0%
and —3.5%, peaking at 75.76Mtce in 2035, and 46.1Mtce in 2060,
dropping back to the level in 2018, as detailed in Supplementary
Table S4.

5.2.2 Prospect of public electricity demand

As urbanization and electrification accelerate and people’s living
standards improve, the potential for substantial growth in per capita
electricity consumption in Ningxia Province persists. Based on
Ningxia’s economic development and benchmarked against
electricity consumption in developed countries, the electricity
demand in Ningxia is predicted, delineating two scenarios,
namely, the general scenario and the electrification scenario.

(1) In the general scenario, with Ningxia persistently promoting
electricity substitution and adapting conventional energy-using
technologies on the demand side, the energy efficiency is
anticipated to gradually plateau. Electrification across various
energy-using sector is expected to increase steadily. The gas-
fired power supply will increase, the development of coal-fired
power will slow down, but the increase of new energy power
generation will accelerate. It is estimated that public electricity
consumption will reach 250 TWh, with the peak load reaching
40 GW in 2060, as detailed in Supplementary Table S5.

(2) In the electrification scenario, with improved people’s living
standards in Ningxia, electricity substitution on the demand
side sees a substantial increase. The widespread use of electrical
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equipment, such as electric heating, electric vehicles and smart
home devices, contributes to a significant enhancement of
societal electrification. On the supply side, power generation
from conventional energy faces limited energy-efficiency
improvement, while new energy substitution is expected to
accelerate. The cost of new technologies is projected to
decrease with more experience. The full potential of
distributed energy will be harnessed, and the interconnection
of electricity will be further enhanced. It is estimated that the
public electricity consumption will reach 260 TWh, with the
reaching 42GW in 2060, as detailed in
Supplementary Table S6.

peak load

5.2.3 Prospect of outward electricity

The main outward electricity transmission lines in Ningxia
Province encompass Yindong DC ($RRIEJR), Lingshao DC (R
BER), Zhaoyi DC (FBITELR), and Ningxiang DC (THIER).
Ningxiang DC is expected to become operational around 2025
(BJX.Peoples Republic Of China, 2023).

Before 2025, the scale of outward electricity transmission from
Ningxia will basically remain unchanged, at about 9.5 TWh. After
2025, with the completion of the Ningxiang DC (also named
Tiandushan DC) project, the outward electricity transmission
will be divided into the low scenario and high scenario, the
annual outward electricity transmission will amount to 12 TWh
under the low scenario, and 13 TWh under the high scenario, as
detailed in Supplementary Tables S7, S8. The distribution of the
outward electricity transmission line is set as follows: before 2030,
the proportion of direct current transmission from thermal power
in operation is 80%, and the proportion of transmission from
newly constructed lines is 50%. After 2030, the proportion of all
direct current transmission from thermal power will gradually
decline.

5.3 Scenario setting of zero-carbon energy
transition

Based on the multi-level perspective analysis framework, the
transition to a zero-carbon energy system in Ningxia Province
necessitates the integration of key elements, including technology,
economics, policy and social system, as shown in Figure 6. From
the perspective of policy, Ningxia Province needs to continuously
ensure energy safety and reliable supply, continue to implement the
national “West-East Power Transmission (WEPT)” project, and
promote energy development to enhance industrial competitiveness,
increase jobs and economic growth, and achieve carbon neutrality goal.
From the socio-technical perspective, Ningxia needs to stimulate the
diffusion of new energy technologies, shift the coal-based energy system
to a new energy-based one, and get rid of “carbon lock-in”. From the
techno-economic perspective, Ningxia needs to increase efficient
infrastructure with clean energy on the supply side, encourage
electricity substitution and accelerate electrification of final energy
consumption on the demand side. Thus, through the interaction of
the three perspectives of micro-level niche technology, meso-level
socio-technical paradigm and macro-level policy landscape, Ningxia
Province will become independent of coal consumption, realize the
transition to a system dominated by new energy.
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Scenario setting of energy transition in Ningxia from the multi-level perspective.

TABLE 1 Scenario setting.

Electricity demand

Outward electricity

Power capacity supply Final energy consumption

demand
General Electrification Low High Routine Low carbon Baseline Energy saving
S1-BAU 7 7 7 v
S2-HES ] 4] 4] 4]
$3-HOS v v 7] 7]
S4-LCS | ¥ 4] 4]
S5-ESS v v “ v

According to the differences of public electricity demand, outward
electricity demand, energy, power capacity supply and final energy
consumption, this paper sets up five scenarios (see Table 1) and
describes the specific scenarios according to their characteristics.

Scenario 1- Business-as-usual scenario (BAU): Considering the
impact from the policy perspective, the zero-carbon energy
transition is required to meet the balance of supply and demand
for energy safety and reliable supply. According to relevant policies
and plans in Ningxia Province, BAU, scenario is set with reference to
the historical level and policy intensity. The sectoral primary energy
consumption data are obtained from China Energy Statistical
Yearbooks (2009-2021). The proportion of electricity and
hydrogen in final energy consumption in 2060 will be 55% and
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7%, respectively, and the proportion of renewable energy in heat and
hydrogen supply will be 10% and 80%, respectively.

Scenario 2- High electrification scenario (HES): Based on
scenario 1, considering the impacts on the demand side from the
techno-economic perspective, HES reflects an additional electricity
consumption from the whole society, an improvement of terminal
electrification, and an increasing proportion of electricity and
hydrogen in the energy conversion process. The proportion of
electricity and hydrogen in final energy consumption in 2060 will
be 60% and 8%, respectively, and the proportion of renewable energy
in the heat and hydrogen supply will be 20% and 90%, respectively.

Scenario 3- High outward electricity scenario (HOS): Based on
scenario 2, considering the impacts on the demand side from the
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FIGURE 7
Proportion of final energy consumption by energy types.

techno-economic perspective, transmission of outward electricity is
increased in HOS, in which the proportion of final energy
consumption is increased. The proportion of electricity in the
final energy consumption will be 65% in 2060.

Scenario 4- Low carbon scenario (LCS): Based on scenario 3,
considering the impacts on the supply side from the techno-
economic perspective, the proportion of power, heat and
hydrogen supply from green energy is increased in LCS. The
installed capacity of new energy power generation such as wind
power and photovoltaic power will increase, and the rate of
electrification will be 70%. Heat and hydrogen supply from
renewable energy will be 20% and 90% in 2060, respectively.

Scenario 5- Energy saving scenario (ESS): Based on scenario 4,
considering the impact on the development of energy-saving
technologies from the socio-technical perspective, through the
application of enhanced energy-saving technologies, in ESS, the
intensity of final energy consumption will be further reduced, the
efficiency of energy conversion and utilization will be improved, and
the total amount of final energy consumption will be reduced.

According to different scenario settings, the total amount of final
energy consumption and the proportion of different types of energy
are set (see Figure 7). The total amount of final energy consumption
remains consistent from SI to S4, while in S5, the Energy saving
scenario, the total final energy consumption is relatively lower. But
the proportions of different types of energy in S4 and S5 remain
consistent.
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6 Results

10

The design of BAU is crafted upon the existing energy reform
and development policies in Ningxia Province, meticulously
benchmarked against international advanced standards. It takes
into account various critical factors, including China’s national
requirements on carbon peaking and carbon neutrality, the
ongoing accelerated electrification process in Ningxia Province,
the large amount of outward electricity, the rapid development of
clean energy alternatives and non-fossil energy, as well as the
anticipation of vigorous promotion of user-end energy-saving
measures. In this paper, based on data availability and the
effective time period of related plans, 2021 is identified as the
base period and 2022-2060 as the forecast period. The LEAP-
Ningxia model is applied to generate the results of PEP, SEC,
FEC, and CO, emissions for scenarios including BAU, HES,
HOS, LCS and ESS.

PEP in Ningxia Province by sectors under different scenarios
until 2060 is shown in Figure 8. PEP is mainly derived from the
industrial sector, reaching the maximum in HOS. This is due to the
increasing demand for primary energy triggered by the increase of
both local electricity demand and the outward transmission. As
more power supply comes from new energy and the user-end
energy-saving technologies are being applied, PEP will experience
a relatively large decline. Compared with HOS, the total PEP in LCS
and ESS will drop by 1.8% and 8.9% respectively.
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PEP by sectors under different scenarios.

SEC in Ningxia Province by energy types under different
scenarios until 2060 is shown in Figure 9. From the aspect of
power supply, with a 15% of reserve margin and another 15% of
margin for uncertainty in new energy output, the available power
supply in Ningxia will rise from about 215 to 225 TWh/a in
2022 to about 360-400 TWh/a in 2060. From the aspect of the
power supply structure, the power supply from wind and solar
will grow significantly in the future, reaching 222-236 TWh/a by
2060, accounting for 57%-62% of the total power supply. The
power supply from coal will increase from about 142 to 159 TWh/
a in 2022 to about 187-200 TWh/a in 2030, then gradually
decrease to about 69-128 TWh/a in 2060. For power supply
from coal applying BECCS to reduce CO, emissions, 76% will
be achieved in HOS, 83% in HES, and over 90% in LCS and ESS.
From the aspect of heat supply, after reaching its peak, the
population will gradually decrease, and the total heat supply
will increase from about 215 to 221 million GJ/a in 2022 to about
311-332 million GJ/a in 2037, then gradually decrease to about
125-139 million GJ/a in 2060. From the aspect of hydrogen
supply, the production will gradually increase from 2023 to
2060, with the total production reaching about 130-
145 million GJ/a in 2060, of which the green hydrogen will
account for 88%-97%.

FEC in Ningxia Province by energy types under different
scenarios until 2060 is shown in Figure 10. The total FEC
remains consistent in S1 to S4, only each energy type making up
different proportions. In S5, namely, the Energy Saving Scenario, a
lower total FEC is projected compared with other scenarios.
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The total CO, emissions without CCS and carbon credits under
different scenarios, as illustrated in Figure 11, are calculated based
on primary energy production, the CO, emission intensity of
different types of energy in power sector (refer to Figure 12), and
the CO, emission factor of coal, oil and gas. It is evident from the
analysis that under the five scenarios, disregarding CCS and carbon
credits, Ningxia will achieve carbon peaking in 2030, but it seems
unattainable to meet the carbon neutrality goal in 2060. The total
CO, emissions of the province in 2060 will reach about 74-101 Mt,
signifying a considerable gap from attaining the zero-carbon energy
system. Despite the progress towards carbon peaking, substantial
efforts and additional measures are imperative to bridge this
significant distance.

By implementing biomass and coal co-firing with carbon
capture devices and utilizing BECCS in power sector, significant
reductions in CO, emission intensity and the attainment of negative
emissions are achievable, as depicted in Figure 13. Generally, the
energy contained within 1 tonne of biomass equals 0.5 tonnes of coal
equivalent, and 1 tonne of biomass fully combusted emits about
1.33 tonnes of CO,. Therefore, the total biomass available in Ningxia
corresponds to a carbon sink of 14.1 MtCO,, as detailed in
Supplementary Table S9 (Wei et al,, 2021). According to the total
CO, emissions with CCS and carbon credits under different
scenarios in Figure 13, it can be found that the total CO,
emissions in Ningxia can be decreased gradually since carbon
capture and storage (CCS) and carbon credits are contributing to
the reduction of CO, concentration in the atmosphere. In scenarios
such as BAU, HES and HOS, the total CO, emissions in Ningxia are
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FIGURE 9
SEC by energy types under different scenarios.

projected to decrease to a range of 17-23 MtCO, until 2060. In
scenarios LCS and ESS, the energy sector in Ningxia could achieve
6-9 Mt of negative CO, emissions until 2060.

Further analysis is conducted on the contribution of various
CO, emission reduction measures from different aspects, as
illustrated in Figure 14. From the policy perspective, main
measures are from outward electricity and carbon credit, and the
reduction contribution will decrease from 29% in 2025 to 21% in
2060. In the mid- and long-term, Ningxia Province will continue to
play a vital role in guaranteeing China’s West-East Power
Transmission Project. Over the period from 2023 to 2060, an
additional 655 TWh outward electricity will be produced
compared with BAU, generating about another 314 MtCO,. But
as the proportion of outward electricity from thermal power
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gradually decreases, the corresponding CO, emissions are also
gradually decreasing. Ningxia Province continues to strengthen
the protection of biomass diversity. Through measures such as
afforestation and vegetation restoration, as well as processes,
activities or mechanisms that can reduce the concentration of
greenhouse gases in the atmosphere, about 14.1 MtCO, of
carbon credits can be generated per year based on the existing
amount of biomass in Ningxia.

From the socio-technical perspective, measures are mainly from
new energy and CCS technologies, with a reduction contribution
increasing from 28% in 2025 to 76% in 2060. Through accelerating
the progress to harness renewable energy and gradually making it a
main source of electricity and hydrogen, 703 MtCO, can be reduced
compared with BAU. Embedding CCS equipment in electricity
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FEC by energy types under different scenarios.
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CO, emissions under different scenarios (without CCS and
carbon credits).

infrastructure is the most effective measure in reducing CO,
emissions. The reduction of 1,304 MtCO, from 2023 to 2060 is
the key to achieve zero or even negative carbon emissions in Ningxia
by 2060.

From the techno-economic perspective, main measures are from
electrification and energy saving, with a reduction contribution
decreasing from 42% in 2025 to 12% in 2060. Despite the
increase in the demand for electricity, the total CO, emissions
will decrease to some extent, by about 400 MtCO, compared
with BAU. Meanwhile, through the energy efficient technologies

equipped in the infrastructure, about 189Mtce of energy
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consumption and about 422 MtCO, can be reduced from
2023 to 2060 compared with BAU.

7 Discussion

Achieving carbon peaking and neutrality necessitates a unified
effort spanning various sectors and energy sources. It is crucial to
succinctly outline the evolution and patterns of the zero-carbon
energy transition, starting from the multi-level perspectives to
balance the triangle paradox of “safety and reliability, cleaning
and low carbon, as well as energy justice”. The formulation of a
scientifically grounded path for CO, emissions reduction holds
paramount significance. This study, rooted in Ningxia’s present
energy landscape, projects low-carbon transition scenarios by
considering future trends in population, economy, and industrial
structure adjustments from 2023 to 2060. Leveraging the LEAP-
Ningxia model and employing multi-level perspectives, the analysis
encompasses PEP, SEC, FEC, and CO, emissions simulations.

The imperative for a successful zero-carbon energy transition in
Ningxia Province lies in the intricate integration and collaboration
of various factors, encompassing technology, economy, policies, and
societal structures. A nuanced examination under five low-carbon
energy transition scenarios reveals crucial dynamics, firstly, without
considering Carbon Capture and Storage (CCS) and carbon credits,
Ningxia is poised to achieve carbon peaking by 2030. However, the
ambitious goal of carbon neutrality by 2060 remains unattainable.
Secondly, under scenarios with CCS and carbon credits, in BAU,
HES and HOS, the total CO, emissions in Ningxia will drop to
17-23 MtCO, until 2060. In LCS and ESS, 6-9 MtCO, of negative
emissions from the energy sector in Ningxia can be achieved until
2060. Overall, high outward electricity will increase local CO,
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emissions in Ningxia, while measures such as adopting terminal
energy-saving technologies, raising electrification rate, increasing
the supply of new energy, installing CCS equipment and conserving
biomass resources can reduce CO, emissions.

From the techno-economic perspective, the energy transition in
Ningxia encounters challenges related to economic growth, carbon
budgets and technologies advancements. The current financial
support for CO, reduction is deemed insufficient, necessitating a
delicate equilibrium between stable economic growth, cost reduction
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and fostering innovation. From the socio-technical perspective,
Ningxia’s energy development used to depend on coals, as well
as the entire coal industry chain, i.e., the existing energy suppliers,
deeply ingrained in the coal sector, play a pivotal role in Ningxia’s
industrial development. To realize Ningxia’s energy transition
requires dismantling the monopoly held by local traditional
industries. Market mechanisms, such as the carbon market, stand
out as vital tools to incentivize and facilitate the green and low-
carbon transition. From the policy perspective, as an important
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province in the West-East Power Transmission project, Ningxia
bears the responsibility of ensuring secure energy supply while
balance regional development. Policymakers must navigate the
dual objectives to foster a sustainable and equitable energy
transition in the region.

Towards the zero-carbon energy transition, Ningxia Province
should delineate clear milestones for distinct periods, fostering
coordinated interactions across the multi-level perspective. In the
short term (2023-2025), the focus lies on transforming and
optimizing the existing status through the implementation of
terminal energy-saving technologies, coupled with increased
investment to spur technological innovation. Moving into the
medium term (2025-2035), the emphasis shifts to technological
substitution, systematically upgrading existing mechanisms with the
integration of new energy sources, while also recognizing the impact
on the social landscape and systems. Looking ahead to the long term
(2035-2060), the strategic focus turns to reconfiguration, involving
gradual adjustments and restructuring to seamlessly integrate
emerging innovations into the existing system. This includes
introducing novel technologies, such as combining biomass and
coal co-firing with Carbon Capture and Storage (CCS) equipment
and green hydrogen initiatives, as supplements or replacements.
This triphasic strategy ensures a progressive, adaptive, and holistic
zero-carbon energy transition for Ningxia Province.

The rapid evolution in energy sector has significant
implications for the ongoing research. Currently, the studies
may not have kept pace with the latest technological
advancements and innovations, which, in turn, can hinder our
ability to accurately predict potential changes in the future.
Furthermore, it is important to note that our present research
is based on a specific moment in time, focusing on the prevailing
policies. However, it is crucial to recognize that policy adjustments
in the future may impact the effectiveness of energy transition
efforts profoundly. This underscores the need for a more
comprehensive consideration of these factors in the upcoming
additional
indispensable. This research aims to assess the effectiveness of

research endeavors. Accordingly, research is
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various policy instruments and practices from Ningxia
government to support the zero-carbon energy transition. A
specific area of focus is to evaluate the subsidies and their
impact on the energy transition. While the LEAP-Ningxia
modeling tool has proven valuable in assisting the region in its
pursuit of climate mitigation goals, it is essential to acknowledge
there are limitations in terms of technology options and underlying
assumptions of the tool. For the success of Ningxia’s zero-carbon
energy transition initiatives, it is imperative to further enhance and
refine both policy measures and modeling capabilities. This will
ensure that the region is better equipped to navigate the evolving

energy landscape and achieve its sustainable development.
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Nomenclature

CPC the Communist Party of China
CCS Carbon Capture and Storage
DC Direct Current

Dual-carbon  Achieving a carbon peak before 2030 and carbon neutrality before

2060
FEC Final Energy Consumption
GDP Gross Domestic Product
LEAP Low Emissions Analysis Platform
MLP Multi-Level Perspective
NDC Nationally Determined Contributions
PEP Primary Energy Production
SEC Secondary Energy Conversion
WEPT West-East Power Transmission
TWh Terawatt-hours
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