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ABSTRACT

Rising geopolitical tensions present significant risks to national energy security, coinciding with a critical
moment in the global energy transition. Securing stable energy availability has thus grown increasingly
vital for pursuing nations’ climate targets. Deep decarbonization of the energy system remains a corner-
stone of China’s long-term modernization agenda but is hindered by challenges like mitigating oil supply
risks. External oil supply of China is exposed to high risk due to potential interruption in global choke-
points like Strait of Hormuz and Strait of Malacca. This study therefore investigates how the ongoing
energy transition will reshape China’s long-term oil security landscape and its short-term resilience to
such supply disruptions. In this study, we employed our self-developed integrated assessment model
(IAM), called IAMET, to quantify future energy development pathways and evaluate China’s oil security
by integrating IAM with a forward-looking assessment framework. System reliance is used to simulate
oil security under oil supply disruptions and the enhancement space of resilience are estimated.
Results indicate that: D By 2060, China’s oil demand will be around 200-300 million tons under carbon
neutrality constraint, reducing the country’s oil import dependency ratio from the current 72% to 41%-
60%, while oil security will face acute risks in the next 10-15 years. @ Energy transition will help to
enhance oil supply resilience. Under a simulated disruption of 39%-66% of overseas oil imports, oil supply
resilience will be “moderate” under carbon neutrality scenario. @ Strategic petroleum reserves and
demand rationing policies have different temporal effects on oil supply resilience enhancement. By
adjusting energy demand structure, resilience will rise sharply in the early phase with greater possibility
to belong to “good” zone, while current oil strategic stock has larger effects in the later phase as the oil
demand shrink. This study underscores the growing role of IAM in evaluating oil security and emphasizes
that reducing oil consumption through demand-side strategies can effectively complement supply-side
actions to safeguard national energy security.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. Background

The world eagerly anticipates the next round of Nationally
Determined Contributions (NDCs), which aim to commit to and
deliver significant reductions in greenhouse gas emissions
by 2035 [1]. Achieving these NDCs targets, alongside broader
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long-term climate goals, underscores the urgency of transitioning
energy systems [2]. The transition demands rapid expansion of
renewable energy and a carefully managed phase-out of fossil
fuels, while regional conflicts and wars continue to disrupt supply
and heighten geopolitical tensions [3]. Although the low-carbon
transition raises new resource dependency issues and expands
the notion of energy security, oil security will remain crucial
despite its declining share in the energy mix [4]. Managing the
transition at realistic and societally acceptable rates is changing,
as decision makers must balance competing interests across sec-
tors, users, and the wider energy systems. Addressing this chal-
lenge requires systematic observation, modeling, and analysis of
global, regional, and national energy systems over the coming dec-
ades. Moreover, in the context of escalating geopolitical tensions,
there is an urgent need to move beyond static dependency metrics
toward dynamic indicators of resilience that can capture the pro-
cesses of adaptation and recovery during periods of disruption

To achieve global net-zero target by 2050, the share of oil in
total energy supply is estimated to decline to 8% [5]. The declining
importance of oil and the rise of its replacements would imply
rates of change that substantially differ from historical growth
rates of global energy systems [6]. Managing both the energy tran-
sition and energy security remains one of the key challenges the
energy system will confront in the coming years [7]. Ensuring a
balance between oil supply and demand will continue to be a cru-
cial challenge in the short to medium term. Moreover, global oil
supply and demand mismatch are even evident in the regional or
country level. Asia-Pacific has risen as the epicenter of global oil
consumption, while the consumption in EU shrinks and United
States remains as the largest single consumer. China remains the
world’s second-largest oil consumer, with demand surpassing that
of the entire European Union. In 2023, oil accounts for less than
20% of China’s energy mix [8]. Limited domestic resources have
long left China heavily reliant on external oil supplies [9,10].

China’s new NDCs aims to reduce economy-wide net green-
house gas emissions by 7%-10% from peak levels targeting on
2035 [11]. Oil security depends on both oil supply and demand
side and is impacted by large uncertainties [12] under China’s
energy transition, which may simultaneously affect the global
energy security landscape. Integrating perspectives on oil supply
disruption improves traditional assessments of geopolitical risks.
While external oil dependency has long served as a simple index
of annual or period-specific supply risk, it cannot capture the
dynamic process of recovery during disruptions. This underscores
the need for advanced indicator to evaluate China’s oil security
under energy transition and to assess the effectiveness of coping
strategies under extreme supply scenario—an issue of growing
importance for academic, policymakers, and decision makers.

1.2. Literature review

1.2.1. Assessment of China'’s oil security requires systemic model

Historically, oil security draws great attention due to the irre-
placeable value of oil in the war [13], economics [14], industrial
development [15], and politics [16]. In recent decades, the uneven
geological distribution of global oil supply and the dominant role of
oil in energy consumption still makes oil security the core issue in
energy security concerns [17]. Due to high marginal abatement
cost and the increase of energy service, the oil consumption of
transportation and industry sector is hard to be replaced by low-
carbon fuels [18]. In 2023, oil accounts for 32% of global primary
energy consumption, while oil supply has played important role
in energy security [19]. What role of oil can and will play under
a China’s low-carbon transition has attracted growing interest
within the energy research field [20].
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A systemic research framework is essential for monitoring Chi-
na’s oil security, which requires both systemic model and systemic
index [21]. Network model can reveal the historic oil security by
depicting the historical dynamic of global and national oil trade
[22], while it can hardly reflect the oil security in the future. Other
macro-level “top-down” models like supply chain analysis method
[23], data envelopment analysis (DEA) method [24], and optimiza-
tion model [25] manifest advantages of reflecting the heterogene-
ity of risk in oil upper-, middle-, and lower-stream. However, these
approaches neglect the impact of energy technologies due to rela-
tively low-resolution of single technology in the model. Advances
in energy technologies can fundamentally transform energy sys-
tems, enabling a complete shift in reliance from one type of fuel
to another. Integrated assessment models (IAMs) generate the
energy transition scenario [26], which can be used as a model to
explore future oil demand trends under low-carbon constraints.
IAMs are useful tools to study complex global or national socio-
economic-energy pathways in long-term perspectives going all
the way to 2100 [27], while simultaneously addressing climate
change [28]. These models are intended to provide policy-
relevant insights into global environmental changes and sustain-
able development challenges. By quantitatively capturing key pro-
cesses within human and Earth systems and their interactions,
IAMs serve as powerful tools for analyzing and addressing critical
global issues. Existing studies have conducted prospective oil secu-
rity study using IAMs to provide oil demand information at global
[29] and national [30] levels. Intergovernmental Panel on Climate
Change (IPCC) scenarios database indicates that global oil supply
will decline on average by 62% under scenarios limiting warming
to 1.5 °C with or limited overshoot [31]. Although IAMs offer clear
advantages in representing energy demand and incorporating
high-level detail on energy technologies, most existing IAMs do
not explicitly model oil supply. Instead, oil supply is typically trea-
ted as an exogenous parameter, often calibrated to long-term esti-
mates of recoverable reserves. As a result, only a limited number of
IAMs are capable of jointly modeling oil supply and demand, which
constrains their applicability for assessing China’s oil security.
From a temporal perspective, the absence of endogenous oil supply
projections has led the literature to focus predominantly on histor-
ical analyses of oil security, with relatively few studies examining
its potential evolution under future conditions. Such forward-
looking assessments require systematic simulation of societal
change and energy system transformation. Collectively, these lim-
itations reveal a clear research gap in the use of systemic modeling
frameworks, such as IAMs, for the comprehensive assessment of
China’s oil security.

1.2.2. Oil supply system resilience holds significant potential for
analyzing supply interruptions

Typically, oil security indicators are embedded in model-based
scenario analyses: The model first project oil supply and demand
trends from a system perspective, and the indicator then translate
this information into a measure of oil security [32]. External
dependency of oil is the mainstream national oil security indicator
for its simplicity and straightforward [33]. Different climate targets
reflect 70% fluctuation of China’s oil import dependence, which
mainly took perspective of oil consumption [34]|. However, this
indicator reflects oil security only as a static condition at a given
point in time, failing to capture the dynamic evolution of oil supply
in response to supply interruptions. Resilience describes the speed
at which a system recovers to equilibrium after a cascading disrup-
tion [35], and it has been used in broad sustainability related
research disciplines (such as ecology [36], society [37], engineering
[38], and disaster studies [39]). In energy system research, resili-
ence reflects the capacity to withstand and adapt to external
shocks such as supply disruptions, making it a dynamic indicator
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of oil security. Under unconventional scenarios shaped by geopolit-
ical risks, energy supply resilience offers a valuable complement to
traditional energy security assessments.

China’s oil resilience has attracted large research interests in
existing literature. Resilience is considered a critical system index
that reducing vulnerability in the context of the energy transition
[40], while resilience curve is frequently used to quantify system
status (i.e. the system performance declines as cascading event
upfold and gradually recovers as disruption subside) [41]. Resili-
ence evolution curve is used to depict the system resilience of oil
supply by coupling resilience analysis with system dynamic (SD)
simulation model [42], long- and short-term memory network
model (LSTM) [43], optimization model [44], and mixed-supply-
side dynamic inoperability input-output model (M-SDIIM) [45].
However, traditional system models are typically designed for
broad applications in energy and resource management and there-
fore employ relatively coarse representations of energy hierarchies
and energy technologies. As a result, they are unable to capture
energy system operations and demand with the same level of com-
prehensiveness as IAMs. Few studies have linked IAMs with resili-
ence evolution curves, highlighting a research gap in integrating
energy system modeling with system-level assessment indicators.
Moreover, although the extent of oil supply disruptions has been
explored under various scenarios, few studies have constructed
long-term oil interruption scenarios, limiting understanding of
heterogenous impacts of such disruption across different time
periods. This indicates a clear gap in the modeling of oil supply-
side disruptions with dynamic representation in analyses of Chi-
na’s oil security.

1.2.3. China’s oil security enhancement benefits from supply- and
demand-side strategies

Though supply and demand side strategies have different
impacts on oil security, they are essential to mitigate the impacts
of oil supply interruption [46]. From supply side, strategic petro-
leum reserve (SPR) is the main strategy, which was first adopted
in western developed countries as early as the 1925 and was
adopted by China since 1993 [47]. The optimal SPR can be deter-
mined by using the decision tree model [48], dynamic program-
ming model [49], and game model [50] while conducting
scenario analysis. Considering the economics of oil supply, avail-
able supply of oil is fixed in the short-term [51], which means that
it is costly and even impossible to significantly increase the domes-
tic oil production level in short-term.

On the demand side, replacement and reduction constitute the
primary strategies. Existing studies examine the evolution of
energy demand mainly focusing on the advancement of emerging
low-carbon technologies and the uncertainties associated with
technology progress [52]. The deployment of negative emission
technologies is widely regarded as a critical solution for achieving
net-zero emissions [53], while it points to alternative decarboniza-
tion option. Additionally, integrating carbon capture, utilization,
and storage (CCUS) can enhance power sector flexibility while
keeping CO, emissions within acceptable limits [54]. Large-scale
deployments of CCUS can both decarbonize end-use energy pro-
cesses that rely on oil product and improve oil recovery [55]. How-
ever, few studies have evaluated China’s oil security under
optimistic scenarios for future CCUS development.

Electricity and hydrogen are widely recognized as the two pri-
mary pillars for achieving a carbon-neutral energy system [5]. Both
the end-use ratios of electricity and hydrogen [2], as well as the
clean generation of them will determine the extent of decarbona-
tion [56,57]. Compared with electricity, the hydrogen pathway will
show larger uncertainties in existing decarbonization scenarios
[58]. While green hydrogen fits well for hard-to-electrify sectors,
the gap between global ambition and implementation by 2030 is
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large [59]. Despite being central to the low-carbon transition,
few studies have systematically quantified the impacts of electric-
ity, hydrogen, and CCUS on oil security. Existing IAM-coupled oil
security assessment frameworks rarely capture both supply- and
demand-side dynamics, and the effects large-scale deployment of
low-carbon technologies on oil security remain largely unexplored.
Furthermore, the role of coping strategies in enhancing the resili-
ence of oil supply systems has received little attention. These find-
ings point to a clear research gap in the effective construction and
evaluation of coping strategies for oil supply disruptions. Integrat-
ing a dynamic resilience curve with a forward-looking IAM that
endogenously captures both oil demand and supply can provide
a robust framework for the formulation and assessment of such
strategies.

In summary, existing studies on China’s oil security reveal sev-
eral gaps. First, future oil security trends have rarely been explored,
highlighting the need for IAM-based analysis of oil supply and
demand variations under energy, social, and economic system
transformations amid geopolitical risks. Second, the dynamic
aspects of oil security remain largely unexamined, necessitating
advanced indicators beyond oil external dependency, such as oil
supply resilience. Addressing these two gaps requires detailed,
consistent modeling of China’s energy demand and supply and
the integration of IAM with oil supply resilience. Third, the effects
of SPRs and demand-rationing policies on the recovery of oil secu-
rity under supply interruption scenario remain unclear, calling for
scenario construction and the simulation of coping strategies.

1.3. The aim of this study

The study aims to address the gap in assessing China’s oil secu-
rity within IAM scenarios. Insights from China’s oil security are rel-
evant for other Asia-Pacific countries that with high external
dependency and have significant implications for the global econ-
omy. The paper follows a three-step research roadmap. First, an
energy system is constructed within the IAM framework to capture
the dynamic trends of China’s oil demand and domestic supply
under the carbon neutrality target, providing essential data for
baseline oil security analysis. Second, a resilience-centered oil
security assessment framework is proposed, linking IAM scenarios
and allowing scenario combinations to account for potential sup-
ply disruptions. This approach complements conventional oil secu-
rity assessment by incorporating resilience metrics. Third,
countermeasures to enhance oil security under supply disruptions
are simulated, with large-scale deployment of CCUS, electricity,
and hydrogen technologies representing demand-side strategies,
and SPR serving as supply-side measure. We aim to answer the fol-
lowing three research questions:

(1) What are the projected trends of China’s oil security over the

coming decades?

(2) How can the resilience of China’s oil supply be assessed

under oil supply interruption scenarios?

(3) How do the SPR and demand-rationing policies differ in

enhancing oil supply resilience?

2. Method
2.1. Description of IAMET-Energy model

The IAM for Energy Transition (IAMET) quantifies and manages
the multi-dimensional impacts of global and China’s energy transi-
tion and societal progress. It combines traditional tools like input-
output analysis, material flow analysis, life cycle assessment, SD,
and optimization with emerging methods such as artificial intelli-
gence (Al) and data-driven approaches. A prototype of China’s
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IAM—IAM of energy, environment, and economics in China
(IAME3C), has been developed and maintained since 2020 by an
interdisciplinary team at China University of Petroleum (Beijing)
[60]. IAMET is the extended and updated version of IAME3C. IAMET
aims to uncover the complex interrelationship among energy, eco-
nomic, and environment system under the low-carbon transforma-
tion. It consists of three sub-models (i.e. IAMET-Energy model,
IAMET-Environment model, and IAMET-Economy model). The
extended depiction of IAMET can be found in Appendix A.

The IAMET-Energy model not only designs low-carbon transi-
tion pathways towards dual carbon goals but also evaluates future
energy security trends. In this study, it is applied to analyze oil
security resilience. As shown in Fig. 1, IAMET-Energy comprises
three sub-modules—energy demand, energy supply, and energy
security assessment—enabling integrated modeling of energy sup-
ply and demand.

2.1.1. Energy demand module

The energy demand model requires socio-economic drivers,
while the energy supply model relies on reserves and production
of fossil fuels or other minerals. A soft-link connects the final
energy simulation model and energy conversion optimization
model: final energy demand is generated via simulation and then
used as input for conversion optimization model. Key outputs
include primary energy demand and related CO, emissions.

(1) Final energy demand module. In the study, final energy
demand is categorized into three sectors: industry, transportation,
and buildings. The industry sector is subdivided into steel, cement,
copper, aluminum, and others; transportation into highways,
urban rail transit, railway, water transport, and aviation; and
buildings into residential, public, and central heating. A
simulation-based model is used to forecast final energy demand,
focusing on four key factors: activity levels, energy intensity,
energy structure, and carbon emission factors. Activity levels differ
by sectors: in industry, they are measured by production or added
value; in transportation, by mileage or freight turnover; and in
buildings, by floor area.

The energy demand of a single industry is defined as:

IDp i = ADm.t X Im,t X Si,t (1)

where AD,,, represents the demand for products and services in
industry m in year t. This is referred to as the activity level. Logistic
model is employed to forecast activity levels, utilizing macro-
socioeconomic parameters such as population, gross domestic pro-
duct (GDP), and urbanization rates as independent variables. I,
indicates energy consumption intensity, which is predicted by com-
bining trend extrapolation model with expert analysis, based on
historical trends of energy consumption intensity across industries.
The relevant history data is sourced from the wind database. S;; rep-
resents the proportion of energy good i in total final energy con-
sumption (i.e., the final energy consumption structure), which is
predicted by Markov model.

The direct demand for primary energy and secondary energy by
final sectors are expressed as follows:

FDpi t = > Dy iyt (2)

m g

FDsecA t = Z Zle. isec,t (3)
migec

where ID,, it and 1D, .. represent the demand for primary
energy iy and secondary energy is. in industry m, respectively.
The total final energy demand is as follows:

FD¢ = FDpyit + FDsec @
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Energy-related carbon emissions in final sectors are calculated
by

FE =Y IDy i x ef; (5)
m i

where ef; denotes carbon emission factors, which are obtained from
Ministry of Ecology and Environmental of China.

(2) Energy conversion module. The energy conversion module
models technologies for secondary energy including electricity,
hydrogen, heating, and oil refining. It covers both conventional
and clean energy technologies, such as photovoltaics, wind power,
electrolytic hydrogen production, heat pumps, and CCUS. The
energy conversion optimization model is formulated to minimize
technology costs, with the objective function defined as follows:

OBJ = min Z Z(inv-csec_tecx X CAP_Nsec_tec + FIX_Coec_tce

tec t

X CAP—Tsec,tec‘t + Var_Csec_tec,t X ACTsec,tec.t + Dsec_tec,t
X ACTsec_tec,t X Cesec_tec) (6)

where inv_Ceec_recr represents the investment costs whenever a new
plant or unit is built. fiX_Csc e denotes the fixed operation and
maintenance costs, and var_Cgec_tec; denotes the variable operation
and maintenance costs which are associated with the costs of
actively running the plant. The development trend of energy con-
version technology costs primarily depends on the learning rate
(LR) [61]. Psec_tec: Tepresents the energy price consumed by conver-
sion technology sec_tec. CAP_Nec_tec: and CAP_Tec_tec: Tepresent the
new installed capacity and total installed capacity of energy conver-
sion technology in year t, respectively; ACT., indicates the activity
level of energy conversion technologies. cesc_tc represents conver-
sion efficiency.

Simultaneously, a set of constraints—considering factors such as
meeting terminal energy demand and technology development
potential—is applied to enhance the reliability of the energy con-
version optimization model.

The constraint 1 requires that the secondary energy production
of the energy conversion module must meet the final secondary
energy demand.

> ACTsec rect > FDiect )

sec_tec
The constraint 2 provides upper bounds and lower bounds on
new capacity installation.

CAP—Nsec_tec.tbound_up < CAP—Nsec_tec,t < CAP—NseC_tec.tbound_lo (8)

The constraint 3 gives upper bounds and lower bounds on the
total installed capacity of a technology in a specific year.

CAP Tsec_tec.tyouna_up < CAP-Tsec_tect < CAP Tsec_tec tyyna_to )

The constraint 4 gives upper bounds and lower bounds on tech-
nology penetration rate.

SEC_teCshare tyoung 1o < SEC-LECsharer < SECLECshare tyounaio 9)
The constraint 5 enforces upper bounds on carbon emissions.

Z efsec_tec,t X ACTseC_tec,t + FEt S EM[SS[ONbound,t (10)
t

where efg_tec: represents the carbon emission factors for energy
conversion technologies.
Therefore, the total primary energy demand is defined as:

TPEDt = Z ACTsec,tec‘t X CC€sec_tec 1 l:Dpri.[ (1 1)

sec_tec
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Component models of IAMET-Energy

Energy supply module

Non-renewable energy supply modeling
considering resources availability

" Fossilfuel reserve/
< historical production _/

T

Curve fitting model

\ 4

future domestic energy
production

'

( Energy imports

Energy demand module

Demand-driven energy system modeling considering
cost-optimization and carbon-constraints

Final energy simulation
model

v

Final energy demand

'

Energy conversion
optimization model

Primary energy

/\

demand ‘ ’ CO, emission ‘

External shocks

Energy security
assessment model

Energy security
level )

Energy security assessment module

Energy security assessment modeling considering external shocks of
different intensities

Fig. 1. IAMET-Energy framework.

2.1.2. Energy supply module

In this section, the Generalized Weng’s model is applied to pre-
dict domestic fossil energy production [62]. It is a curve fitting model
that generates the future energy production outlook consider the
resources availability from supply side. The reserve and production
of fossil energy are required in the energy supply model. Energy sup-
ply projection model is a curve fitting model that generate the future
energy production outlook consider the resources availability from
supply side. The expression is as follows:

_ URRe .
Qie = mt e (13)
URR; = RRR; + HP, (14)

where Q,, represents the future fossil energy k production in year t.
URR, represents the ultimate recoverable reserves of fossil energy k,
which is calculated by using the plus between the remaining recov-
erable reserves (RRR;) and the history productions (HP;). Both a and
b are parameters. I'(b + 1) is the gamma function.

When domestic fossil energy productions cannot meet total fos-
sil energy demand, the fossil energy imports are defined as the gap
between fossil energy demand and domestic supply. The expres-
sion is as follows:

IMk.t = TPEDk.t - Qk.r (15)

where IM,, represents the fossil energy k imports in year t. TPED,,
denotes the total demand for fossil energy k, which is from energy
demand model.

2.1.3. Energy security assessment module

This research constructs an energy security assessment model
using two approaches based on whether external shocks occur. If
there are no interruptions, external dependence is used to assess

energy security:EDy, = %ﬁ-fkr(ls)

where EDy, represents the external dependence of fossil energy
k in year t.

However, in the event of external shocks, this study applies the
widely accepted resilience framework to assess energy security
[63,64]. Under external shocks, the system can be represented by
a conceptual resilience curve illustrating four stages of perfor-
mance (Fig. 2), which are before, degradation, recovery, and after.
The original system performance is Pi(to) before the disruption.
When the external shocks occur, the system performance Pi(t)
degrades to Pi(t.) and then recovers back to Pi(tp), forming a sha-
dow area, which is named the resilience triangle (RT) [64].

In this research, system performance P(t) is defined as the
extent to which energy demand is satisfied during disruptions.
Therefore, we chose the demand satisfaction rate (DSR) as the
function of system performance, which is practical as well as con-
sistent with relative research [65]. System performance function
P,(t) can be calculated by

Py(t) = Qpe + IMie x (1 —1IRy)
K= TPEDy,

(17)

where, the maximum value of Py (t) is 1 (i.e., original system perfor-
mance Py(tp) = 1), indicating the system performance of supply-de-
mand balance. IR, represents the interruption ratio under the
external shocks.

The RT represents the system performance loss, so the smaller
the triangle, the better the resilience. The RT can be calculated by

Ly
R, = e (Pullo) ~ POt (18)
Jid Pe(to)dt

where t. is the time disruption occurs and t; is the time that system
performance recovers to normal.

During supply disruptions, a system’s resilience is defined by its
ability to its initial performance. Resilience captures the full evolution
of system performance under external shocks: the higher the resili-
ence, the stronger the energy security. Mathematically, energy system
resilience is expressed as the ratio of the area of remaining system
performance to that of the original system performance
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Externa
Loss of system

performance

Pdt) &

Before

Pto)

Resilience
triangle

Recovery

Degradation

t t, t, T

Fig. 2. Four basic stages of system performance in the resilience curve.

[Py (t)dt

te

S Py(to)dt

where Ry, represents the system resilience of fossil energy k in year
t.

(19)

kt =

For a more detailed resilience assessment, resilience can be cat-
egorized into three zones: good, moderate, and poor. Two refer-
ence curves define these zones: one indicates the resilience level
required basic system functions under external shocks, ensuring
basic energy demand is met; the other represents the resilience
needed to maintain bottom-line functions, ensuring minimum
energy demand. Resilience above the basic-demand curve falls into
the good zone, resilience between the bottom-line and basic-
demand curve falls into the moderate zone, and resilience below
bottom-line curve falls into the poor zone.

In this study, China’s basic oil demand includes the oil demand
from agriculture, all industrial sectors, and the transportation sec-
tor, excluding private car transportation. Bottom-line oil demand
includes the oil demand from agriculture, freight transportation,
public transportation, and the chemical industry—representing
the minimum oil demand required to ensure the normal running
of China’s economy and society [66,67].

2.2. The oil security assessment roadmap using IAMET-Energy

Using IAMET as core model, we have developed the following
assessment roadmap to analyze oil security and the need for counter-
measures. The roadmap consists of three main steps as shown in Fig. 3.

In Step 1, the IAMET model is used to collect data on oil end-use
in key sectors, total oil demand, and domestic supply, enabling a
forward-looking analysis of oil supply and demand. In Step 2, the
scale of imported oil is calculated as the gap between demand
and domestic supply. Oil security is then quantified considering
potential disruptions in overseas oil supply due to geopolitical con-
flicts. If no interruptions occur (interruption ratio = 0), external oil
dependence is used; if interruptions occur (interruption ratio > 0),
oil supply resilience becomes the metric. Step 3 develops counter-
measure scenarios from both demand- and supply-side perspec-
tives. Oil security is reassessed under these scenarios using Steps
1 and 2, and the results are compared with Step 2 to evaluate
the effectiveness of the countermeasures.

3. Scenario settings

In this study, a set of scenarios was developed to explore alterna-
tive future developments in China’s energy system, with a primary
focus on oil security. These scenarios integrate both oil demand and
supply information, as detailed in Table 1. On the energy demand
side, we constructed one reference scenario and one CO, mitigation
scenarios. These scenarios are based on a consistent set of socio-
economic assumptions, including GDP, population, and urbanization
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(details in Appendix A), ensuring alignment with China’s long-term
development goals, including the target of quadrupling GDP by
2060 compared to 2020 levels. The reference scenario, business as
usual (BAU), represents energy development under current policies
without additional CO, constraints. The CO, emission mitigation sce-
nario, carbon neutrality scenario (CNS), depicts China’s transition
pathways towards deep decarbonization target. It is assumed that
China’s carbon sink will reach ~2 Gt by the mid-century, thus capping
maximum CO, emissions at this level. The CNS further explores
energy transition pathways with a moderate deployment of various
low-carbon technologies. Detailed socio-economic assumptions and
carbon sink estimates are provided in Appendix A.

To account for energy demand-side countermeasures, three
additional scenarios are developed each emphasizing the large-
scale deployment of a specific low-carbon technologies: (D CNS
with extensive CCUS development (CNS-CCUS), @ CNS with
large-scale hydrogen technology development (CNS-H), @ CNS
with accelerate electrification (CNS-E). Using the IAMET-Energy
framework, the deployment scale of low-carbon technologies is
linked to their intrinsic cost dynamics. Thus, the study investigates
large-scale development potentials by adjusting their LRs. Specifi-
cally, the LR of low-carbon technology costs are increased by
approximately 20% in CNS-CCUS, 15%-20% in CNS-H, and 20%-
30% in CNS-E compared with the baseline CNS.

On the supply side, the analysis primarily considers two key
sources of oil supply: domestic oil production and overseas oil
imports. The ultimate recoverable resources (URRs) are critical for
forecasting domestic oil productions. According to data published
by the Ministry of Natural Resources of China [68], the remaining
recoverable reserves (RRRs) are estimated at 3.85 billion tons. In this
study, the URRs are calculated as the sum of the RRRs and the cumu-
lative historical productions, as detailed in Appendix A.

The interruption ratio serves as a key parameter for simulating
the impacts of oil supply disruptions. To evaluate variations in oil
security, this study adopts the control variate method, in which
only overseas oil imports are adjusted across the scenarios to
reflect potential geopolitical disruptions. According to existing
research, the Strait of Hormuz and the Strait of Malacca represent
critical chokepoints in China’s oil import network. Disruptions in
these two straits would result in approximately 39% and 66% of
oil imports being interrupted [69]. Therefore, based on varying
levels of import interruptions—0, 39%, and 66%—three oil supply
scenarios are designed: the normal supply scenario (NS), the med-
ium interruption supply scenario (MIS), and the severe interrup-
tion supply scenario (SIS). These scenarios capture the potential
range of external shock intensities that may result from geopoliti-
cal disruptions to major maritime oil transport routes.

Considering energy supply-side strategies, strategic oil reserves
scenarios (SOR) is developed. In this study, it is assumed that Chi-
na’s SPRs remain at their current level, approximately 90 million
tons [70]. For comparison, another scenario excluding the use of
strategic oil reserve is also explored. When oil imports are dis-
rupted, the strategic oil reserves are assumed to have a supply
capacity of 0.5 million tons per day [43], providing an essential
buffer to stabilize oil availability and enhance system resilience.

4. Results
4.1. China’s oil demand and supply under different scenarios

Fig. 4 depicts key results output under two scenarios, which
include primary energy demand, oil demand and supply. Figs. 4
(a) and (c) illustrate China’s primary energy pathways under the
two scenarios. The primary energy demand follows a growth-pea
k-decline trajectory, reaching its maximum around 2035-2040
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Table 1
Scenario settings.

Scenario
categories

Descriptions
Demand-side

Supply-side

Energy transition scenario
BAU

CNS Reaching deep decarbonization target by the mid-century

Countermeasure scenario

CNS-CCUS  Reaching deep decarbonization target by the mid-century, while assuming a 20% increase in the LR of CCUS
technology costs compared with CNS
CNS-E Reaching deep decarbonization target by the mid-century, while assuming a 15%-20% increase in the LR of
renewable electricity technology costs compared with CNS
CNS-H Reaching deep decarbonization target by the mid-century, while assuming a 20%-30% increase in the LR of
hydrogen energy production technology costs compared with CNS
SOR Reaching deep decarbonization target by the mid-century

Qil interruption scenario

NS No interruption of oil supply happens
MIS ~39% of oversea oil import is cut off due to the interruption of Strait of Hormuz
SIS ~66% of oversea oil import is cut off due to the interruption of Strait of Malacca

Follow the trend of current policies without carbon mitigation target

URR equals the RRR (3.85 billion tons)
plus the historical productions
URR equals the RRR (3.85 billion tons)
plus the historical productions

URR equals the RRR (3.85 billion tons)
plus the historical productions

URR equals the RRR (3.85 billion tons)
plus the historical productions

URR equals the RRR (3.85 billion tons)
plus the historical productions
Strategic oil reserves remain at

90 million tons

Emergency supply of 0.5 million tons
per day

URR equals the RRR (3.85 billion tons)
plus the historical productions
URR equals the RRR (3.85 billion tons)
plus the historical productions
URR equals the RRR (3.85 billion tons)
plus the historical productions

in both cases. By 2060, total primary energy demand is projected to
reach 6.29 billion tonnes of coal equivalent (tce) under the BAU
scenario and 5.46 billion tce under the CNS scenario. In the CNS,
China’s strong policy support for non-fossil energy technologies—
including non-fossil power generation and electrolytic hydrogen
production—is fully considered. The costs of these technologies
are expected to decrease by more than 20% by 2060, enabling their
large-scale deployment in the power and hydrogen sectors. As a
result, renewable energy gradually replaces fossil fuels to become
the dominant source of primary energy consumption, reflecting a
clear transition toward decarbonization in CNS.

Figs. 4(b) and (d) present China’s mid-to-long-term oil demand
projections by end-use across the scenarios. Under the BAU scenario,
despite equipment upgrades and energy efficiency improvements,
oil consumption is projected to peak at 800 Mt between 2025 and
2030. Following the peak, consumption remains relatively stable
for 5-10 years, before gradually declining to 560 Mt by 2060 due
to continued advancements in energy utilization technologies. A
steeper post-peak decline in oil demand is observed under the CNS
compared with the BAU scenario. The contraction of oil demand over
the medium to long term reflects reduced exposure to external oil
supply risks as the carbon neutrality pledge is achieved.
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Fig. 4. China’s primary energy, oil demand and supply under two scenarios: (a) the primary energy demand under BAU scenario, (b) end-use oil demand under BAU scenario,
(c) the primary energy demand under CNS scenario, (d) end-use oil demand under CNS. (e) The CO, emission trajectories under two scenarios, (f) China’s oil supply under two

scenarios.

Under the CNS, improvements in energy efficiency and rising
electrification in final sectors lead oil demand to peak at 750 Mt
between 2025 and 2030. After 2030, oil’s role as a chemical feed-
stock gradually overtakes its role as a transportation fuel. Driven
by the rapid adoption of electric vehicles and continued improve-
ments in transport fuel efficiency, oil consumption declines at an
average annual rate of about 5% between 2030 and 2045. By
2060, oil demand is projected to fall to approximately 261 Mt, as
substitution in petrochemical production and aviation remains
technically and economically challenging. New energy vehicles
are expected to account for around 75% of passenger vehicle own-
ership, contributing the largest reduction in oil consumption.
Meanwhile, the petrochemical sector increasingly relies on oil as
a feedstock for high-end manufacturing, new energy applications,
and environmental technologies, making feedstock use the domi-
nant driver of oil demand, surpassing transportation. This result
is consistent with existing literature [12,71]. Fig. 4(e) presents Chi-
na’s energy-related CO, emission trajectories under the two sce-
narios. The peak CO, emissions exceed 12 billion tons under the
BAU scenario, compared to 10.9 billion tons under the CNS. By
2060, CO, emissions are projected to decline to below 2 billion tons
in the CNS, while remaining around 8 billion tons under BAU. The
rapid emission reduction in the CNS can be attributed to two main
factors. First, the electrification rate in final consumption sectors
rises substantially, reaching 50% by 2060. Secondly, non-fossil
energy technologies are extensively deployed in energy conversion

processes. By 2060, the total installed capacity of non-fossil power
generation is expected to reach 6.8 kW, underscoring the pivotal
role of renewables in achieving deep decarbonization.

Fig. 4(f) presents the projection of China’s domestic oil supply.
The peak is expected between 2030 and 2035, with conventional
oil continuing to dominate, accounting for 84%-88% of total pro-
duction. Offshore oil is projected to be the primary driver of con-
ventional oil growth, contributing increasingly until around
2040-2045. By 2060, domestic oil supply is expected to decline
from its peak of over 200 Mt to approximately 120 Mt, reflecting
the combined effects of resource depletion and production con-
straints. The declining trend in domestic oil supply indicates that,
although shrinking oil demand reduces overall supply risks, con-
tinued dependence on oil imports remains a significant challenge
even under deep decarbonization pathways. This underscores the
need for in-depth analysis capable of capturing temporal and
structural variations in oil security.

4.2. Assessment of China’s oil security

The energy transition is projected to reduce China’s external oil
dependence, thereby enhancing overall oil security. Table 2 pre-
sents trends in oil imports and the external dependence ratio
under the NS. After 2030, oil imports are expected to decline across
all scenarios. By 2060, imports are projected at 437.3 Mt under
BAU and 137.8 Mt under CNS, reflecting the growing share of
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Table 2
0il security assessment under normal supply scenario.
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Scenario Oil import (Mt) Ratio of oil external dependence

2030 2045 2060 2030 2045 2060
BAU 578.3 482.9 437.3 73% 72% 78%
CNS 525.3 258.5 137.8 71% 58% 53%

non-fossil energy in the energy mix, which strengthens oil security.
Despite this declining trend, oil security remains a critical concern.
Under the CNS, the external oil dependence ratio is expected to fall
to 53% by 2060, compared with 78% under BAU.

Fig. 5 presents the assessment of oil supply resilience over the
study period, reflecting oil security under oil supply interruption
scenario. Resilience peaks during the middle of study period, and
declines toward the end. As shown in Fig. 5(a), under a medium
supply interruption, oil supply resilience in the BAU scenario
remains in the upper range of the moderate zone (0.70-0.72). In
contrast, a severe supply interruption causes a sharp decline in
resilience to 0.49-0.53 compared with the medium interruption.
By 2060, resilience falls into the poor zone under the severe inter-
ruption scenario, highlighting the vulnerability of the BAU system
to extreme external shocks.

The energy transition enhances oil supply resilience, with its
effects strengthening over time. Compared with BAU, external oil
dependence under the CNS scenario is projected to decline to
53% by 2060, reducing the system’s vulnerability to external
shocks. As shown in Fig. 5(b), resilience under CNS improves by
35 and 14 percentage points under severe (66%) and medium
(39%) supply interruptions, respectively, by 2060. Between 2045
and 2060, oil supply resilience remains in the moderate zone even
under severe disruptions, and approaches the good zone under
mild supply interruption. This indicates that the CNS pathways
supported by energy transition measures, can substantially miti-
gate the impacts of external supply shocks.

4.3. The potential for enhancing oil supply resilience

The potential to enhance oil supply resilience is estimated by
comparing outcomes with and without demand- and supply-side
countermeasures under the CNS. Several key findings and implica-
tions regarding oil supply resilience can be drawn from Fig. 6.

Supply-side countermeasures exhibit varying impacts over the
study period, with pronounced effects after 2035 (Fig. 6(a)). Under
mild oil interruption, resilience remains in the good zone from
2035 to 2060. A similar trend is observed under severe interrup-
tions, with resilience reaching the good zone only after 2055. Over-
all, the oil strategic stock contributes to a 9%-23% increase in
resilience under mild oil interruptions, and a 12%-28% improve-
ment under severe interruptions, highlighting its long-term impor-
tance, especially as oil demand declines.

The CCUS-dominated low-carbon pathway enhances resilience
notably in the early phase (Fig. 6(b)), with over 20% improvement
from 2030 to 2035 compared to CNS. This is primarily due to a
lower oil demand peak in 2025, reducing external dependence.
Under mild interruption (39%), resilience remains in the good zone
from 2030 to 2055. Under severe interruption (66%), it stays in the
moderate zone throughout the study period. After 2035, as CCUS
costs decline, deployment in power, steel, and cement sectors
increases, with potential CO, capture of 2 billion tons by 2060. This
expanded application slows the decline in oil demand, resulting in
lower resilience relative to CNS from 2035 to 2060.

The electricity-dominated pathway maintains the highest resi-
lience throughout the study period (Fig. 6(c)). By 2060, non-fossil
power capacity reaches 6.8 billion kW, 14% higher than CNS, and

final sectors’ electrification rises to 63%. Oil is largely replaced by
electricity, enhancing system resilience. Under mild interruptions,
resilience remains in the good zone and reaches its maximum
starting in 2030. Even under severe interruptions, resilience stays
in the good zone from 2035 to 2060, with improvement of 14%-
38% under mild oil and 14%-50% under severe interruption.

The hydrogen-dominated pathway exhibits a trend similar to
the electricity pathway (Fig. 6(d)). By 2060, hydrogen demand
reaches 81 Mt, 50% higher than CNS. Large-scale hydrogen deploy-
ment in industry and transportation accelerates the decline in oil
demand, improving resilience to external shocks. Under mild inter-
ruptions, resilience stays in the good zone, peaking between 2035
and 2040. Under severe interruptions, it drops to the moderate
zone, peaking at 0.79 in 2040. This pathway rises resilience under
severe interruptions to levels comparable to mild interruptions
under CNS, with 8%-35% improvement under mild and 10%-38%
under severe interruptions.

5. Discussion

5.1. IAMs reveal oil security by considering uncertain nature of energy
transition

IAMs offer inherent advantages for evaluating resource security
in complex systems such as the energy sector. This study examines
China’s oil security under deep decarbonization IAM scenarios,
highlighting the significant uncertainties associated with low-
carbon transition pathways driven by the adoption of various tech-
nologies. The deployment of CCUS, electricity, and hydrogen tech-
nologies influences oil demand while meeting carbon constraints.
For example, CCUS can conflicts with other decarbonization strate-
gies, such as end-use electrification and the expansion of non-fossil
fuel consumption, whereas electricity and hydrogen technologies
primarily replace fossil fuel demand. Moreover, critical trade-offs
and co-benefits exists between CCUS and renewable electricity-
based electrification. One key challenge is that high renewable
penetration can strain grid stability, necessitating careful coordina-
tion between technological pathway. Ignoring electricity transmis-
sion and comparing the potential of non-fossil energy power
generation with electricity demand, China’s unmet electricity takes
~18% of total electricity demand [54]|. However, combining high
renewables penetration with abated fossil power generation using
CCUS can significantly enhance the reliability of electricity system.
Additionally, the phasing out fossil power generation may result in
significant job losses in coal-related industries globally, posing
challenges to achieving a just transition. Global job losses in coal
industry are estimated at ~1 million by 2050 [72]. Due to the long
distance required to access green jobs, only approximately 11%-
14% of current coal power workers in China are expected to transi-
tion to green employment by 2060 [73].

We emphasize the importance of quantifying oil demand under
large-scale deployment of CCUS, electricity, and hydrogen tech-
nologies (Fig. 7). Our results show that oil demand under the
CNS-CCUS scenario does not exceed that of the CNS until the final
decade of the modeling period. This is attributable to two factors:
First, the large-scale development of CCUS is partially offset by nat-
ural gas to balance other low-carbon measures; second, CCUS tech-
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nologies require longer to mature and achieve economic viability Furthermore, compared with the CNS, the three technology-
compared to other low-carbon options, becoming cost- dominated pathways lead to a more pronounced reduction in oil
competitive only after 10-15 years, delaying their impacts of fossil demand in the early phase. By 2060, the electricity-dominated
fuels mitigation. pathway exhibits the lowest oil demand, with the uncertainty
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range towards carbon neutrality estimated at 200-300 Mt. Table 3
[71,74-77] compares our results with other studies, showing that
the CNS outputs are consistent in terms of peak value, peak timing,
and the demand in 2050/2060, demonstrating the effectiveness of
IAMET-Energy model.

From a supply-side perspective, IAMs have inherent limitations
in fully capturing future fossil fuel supply trends. This study quan-
tifies the evolution of China’s domestic oil supply over time, incor-
porating the risk of oil supply interruptions. Ideally, a global oil
supply assessment, differentiated by producing regions or coun-
tries, would provide valuable insights for evaluating national oil
security. However, constructing such a model and integrating it
with IAMs is highly complex.

One of the key technical challenges lies in accurately capturing
oil trade flows among nations. While the global oil supply-demand
balance may eventually be achieved, identifying the specific future
supply sources for regional demand remains critical. Another
major challenge is selecting appropriate decision-making objec-
tives for prioritizing oil supply. As highlighted in International
Energy Agency (IEA)’s special report of oil and gas in net zero tran-
sition [4], four illustrative cases are considered: a low-income pref-
erence case, an emissions preference case, a cost preference case,
and a security preference case.

Our approach seeks to incorporate oil supply-side data into
IAMs without introducing unnecessary complexity. Developing a
more robust fossil fuel supply model within the IAM framework
represents a key avenue for future research. Additionally, the
uncertainty surrounding oil supply interruption ratio constitute a
limitation of this study. Beyond oil, low-carbon energy transitions
create multi-level resource dependencies, including water, metals,
land, and biomass. Integrating these dependencies into IAMs
would enhance their realism and enable more optimized energy
transition pathways, representing a central goal for the future
IAM development.

5.2. Constructing systematic coping strategies to enhance oil supply
resilience

The oil supply interruption simulation conducted in this study

may have broader implications for other fossil energy, which are

Table 3
Comparison of oil demand in this study with existing literatures.
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central to ongoing debates on geopolitical tensions and energy
security. In particular, the interruption scenarios settings are clo-
sely linked to critical factors, such as the impact of disruptions at
maritime chokepoints on the flow of liquefied natural gas (LNG).
Rising geopolitical tensions have intensified efforts by Western
countries to secure reliable LNG supplies. For instance, the 2021
Suez Canal blockade temporarily halted approximately 8% of global
LNG trade, highlighting the vulnerability of energy supply chains to
such disruptions. Meza et al. [78] analyzed the effect of choke-
points disruption to the trade of LNG flow under scenarios where
the Panama, Suez, and Malacca canals are blocked separately.
Major countries like United States, Russia, the EU countries, and
China are all big players on LNG industry, which make LNG supply
become sensitive to political instability. Optimized LNG trans-
portation routes play a crucial role in supporting a sustainable glo-
bal energy supply. However, increasing geopolitical antagonism
among nations could lead to less energy-efficient routes, resulting
in a 13% rise in maritime fuel demand [79]. With the retreat of Arc-
tic Ocean ice, researchers have explored the potential of Arctic Sea
corridors for LNG transportation [80]. Previous studies have simu-
lated the impacts of LNG supply interruptions and actively investi-
gated alternative transportation routes [81]. In this context,
simulations of disruptions at the Malacca Strait and the Strait of
Hormuz validate the approach and findings of our work.

Our study evaluates the impacts of demand- and supply-side
measures on oil supply resilience, providing insights beyond static
indicators such as external oil dependence. From supply-side per-
spective, SPRs play a critical role in mitigating supply disruptions,
despite their substantial costs. Globally, government-led funding
for SPR is common, though exceptions exist in countries such as
the United Kingdom and Germany. Given uncertainties surround-
ing future oil demand and supply risks, dynamic SPR management
is essential. In China, direct state management of SPR emphasizes
the importance of maximizing the function of state-owned enter-
prises, as SPR development impacts both oil and national security.

Our findings indicate that maintaining current SPR levels is cru-
cial for enhancing oil supply resilience, though it requires signifi-
cant investments in infrastructure and replenishment. With
China recently renewing its 2035 NDC, incorporating SPR into pol-
icy planning under the 15th and 16th Five-Year Plans is vital to
ensure the oil security over the next decade. Furthermore, the
effectiveness of SPR increases as oil demand declines, underscoring
the importance of complementary demand-side measures in
strengthening oil security.

The three low-carbon technology-driven pathways demon-
strate clear advantages in enhancing short- to mid-term oil supply
resilience through proactive optimization of the energy structure.
Among these, electrification emerges as the most effective strat-
egy, simultaneously improving oil supply resilience and advancing
decarbonization goals. Electrification represents one of the most
effective pathways for reducing CO, emissions in industrial and
manufacturing sectors by replacing traditional coal use with elec-
tricity for the provision of steam, heat, and drying processes [82].
The transportation sector can also be substantially decarbonized
by shifting from fossil fuel-driven systems to electricity-based

Source Time of peak Peak value (Mt) Demand in 2050 (Mt) Demand in 2060 (Mt)
[74] 2025-2030 790 - 260

[71] 2025 770 - 240

[75] 2030 760 270 -

[76] 2025 850 250 —

[77] 2035 730 - 220

CNS in this study 2025 750 380 260
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propulsion while meeting transport service demand. The advance-
ment of electrification in China is strongly supported by extensive
government policies [83], enabling the country to assume a leading
role in the manufacturing of a wide range of power generation and
end-use equipment. Thus, electrification in end-use sector accom-
pany with decarbonization in power transformation process is the
pillar for achieving China’s near-term and long-term carbon miti-
gation target [84]. As illustrated in Fig. 6, our results show that
the large-scale development of electrification leads to the greatest
resilience gains, with improvement of 14%-38% compared to the
baseline scenario. Large-scale deployment of hydrogen and CCUS
also shows substantial potential to enhance oil supply resilience
to favorable levels. The temporal characteristics of demand- and
supply-side measures indicate that a combined strategy, integrat-
ing both approaches, may offer the most effective solution for
strengthening oil supply resilience.

5.3. Reducing geopolitical risk impacts of China’s oil security

Resilience is a concept with philosophical roots that warrant
further clarification in the context of oil security analysis. First, in
this study, oil supply resilience reflects the ability of oil system
to function under oil supply disruptions, specifically measured as
the ratio of oil supply under interruption to total oil demand.
Because both oil demand and supply are dynamic over time, this
ratio is not constant. It indicates that different from general under-
standing of resilience as an attribute of an object. Unlike the gen-
eral notions of resilience as a fixed attribute, oil supply resilience
varies across different time periods, which explains why it can
increase under the implementation of energy demand rationing
and SPR strategy.

Second, the relationship between resilience and scenario requires
attention. Oil supply resilience is largely scenario-dependent, mean-
ing it reflects the resilience of a specific decarbonization pathway at
different points in time. This scenario-dependent nature underscores
the importance of carefully constructing energy demand scenarios
and accounting for geopolitical risks when designing oil supply inter-
ruption scenarios, thereby ensuring the relevance and robustness of
the resilience assessment.

A series of United States/Israel-Iran conflicts in 2026 highlight
how extreme scenarios can materialize as “Black Swan” event. In
this study, the interruption scenario is analyzed to demonstrate
the impact of geopolitical risks on oil security. Given growing ten-
sion of oil supply from the middle east, the Belt and Road Initiative
(BRI) present a potential opportunity for China to diversify its oil
supply sources. With over 150 countries and regions participated
in BRI by 2025, the BRI has giant oil supply availability [85].
Excluding the supply of China, total oil production of BRI consti-
tutes ~57% of world oil supply in 2024 [86]. BRI countries are also
among the top import sources of China [87]. BRI energy trade has
formed a closely linked network, while energy trade volume has
increased to 445 billion USD in 2019 [88]. Besides oil import, BRI
countries have low investment environment risk for China’s oil
company due to rich resources, broad cooperation with China,
stable political situation, and so forth [89]. This suggests that
strategies beyond conventional oil supply- and demand-side mea-
sures are essential to manage geopolitical risks. Additionally, lever-
aging China’s unique policy instruments and government tools can
further mitigate the impacts of oil supply interruption.

5.4. Limitations of this work

The paper mainly has two limitations:

(1) Coping with extreme oil supply interruptions requires a
combination of supply- and demand-side countermeasures,
which differs sightly from the approach employed here. In
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our analysis, we explored the impacts of either supply-side
or demand-side measures independently. In real-world
decision-making, however, an integrated strategy would
likely be necessary. This implies that maintaining current
SPR levels while implementing demand-side energy struc-
ture adjustment could further optimize the resilience of
the oil supply system. Such integrated considerations should
be incorporated into future energy security planning.

(2) In this study, we quantified bottom-line and basic oil
demand requirements by analyzing the end-use sector
demand. However, defining minimum oil demand in prac-
tice is challenging. This raises three key questions for future
research: D What is the scale of the minimum oil demand
under extreme conditions? @ What is the maximum com-
pression ratio achievable for each end-use sector? @ How
should we measure the spillover effects of oil demand com-
pression on society? The techniques used here provide an
initial exploration of minimum oil demand, while the defini-
tions of bottom-line and basic oil demand serve as refer-
ences for evaluating the effectiveness of oil supply resilience.

Given the limitations, we acknowledge that the applicability of this

study may be constrained by inherent uncertainties in oil demand pro-
jections. These uncertainties represent a key limitation and warrant
further investigation in future research. There is a need for retrospec-
tives analyses comparing past oil demand projections with actual out-
comes to evaluate forecast errors and associate uncertainty intervals
over time [90,91]. Moreover, although this study focuses exclusively
on China’s oil security, the discussion of countermeasures offers a
potential template for other high-import-dependent economics, such
as India. Expanding future research to a broader geography scope
would provide the literature with deeper and more generalizable
insights int oil security and resilience strategies.

6. Conclusions

This study assesses China’s oil security under energy transition
by integrating IAMs with a prospective assessment framework. The
energy module of the proposed IAMs captures both oil supply and
demand, projecting future energy pathways and CO, trajectories.
In addition to the BAU and CNS, we develop three additional
scenarios—CNS-CCUS, CNS-E, and CNS-H—to explore variations in
oil demand under large-scale deployment of CCUS, electricity,
and hydrogen technologies, while aiming to achieve deep decar-
bonization target. Following the projection of future domestic oil
supply, oil import interruptions are simulated under two represen-
tative scenarios. The impacts of supply- and demand-side counter-
measures on oil supply resilience are then analyzed under these
interruption scenarios. The main findings are as follow:

(1) Energy transition reduces the oil demand, import and exter-
nal dependence. Oil import is projected to decline from
nearly 500 million tons in 2020 to 440 million tons under
BAU and 140 million tons under CNS by 2060, demonstrat-
ing the positive contribution of clean energy transition to
overall energy security.

(2) Oil reliance cannot be fully eliminated. Despite declining
domestic oil supply, the ratio of external oil dependence
under the CNS is expected to reach 53% by 2060, indicating
that oil security will remain a challenge in China’s future
energy system.

(3) Energy transition enhances oil supply resilience under inter-
ruptions. Without SPRs, oil supply resilience remains in the
moderate zone under both BAU and CNS scenarios. Com-
pared with BAU, resilience in the CNS improves by 35 and
14 percentage points under severe and medium supply
interruption assumption, respectively, by 2060.
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(4) Supply- and demand-side countermeasures are essential for
strengthening oil security. SPRs primarily enhances resili-
ence in the later phase, while energy structure decarboniza-
tion drives resilience gain in the early phase. Under the CNS-
E scenario, resilience reaches the good zone after 2030-
2035.

The study investigates the system characteristics of oil security
by integrating system model modeling with a systematic
resilience-based index, enabling the evaluation of both near-term
oil supply risk triggered by emergencies and the long-term risks
arising from dynamic changes in oil supply and demand during
the energy transition. We provide a novel perspective for quantify-
ing oil supply resilience. The findings offer valuable insights not
only for China but also for other national, regional, and global stud-
ies focused on enhancing oil security and reducing oil supply
dependence.
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