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As the world accelerates toward the goal of "carbon neutrality," the green transition of energy systems
has become an inevitable choice for addressing climate change. Hydrogen energy, with its unique
characteristics, is regarded as the "fourth-generation energy" following coal, petroleum, and electricity,
hydrogen energy; playing a crucial role in solving energy and environmental challenges. From Germany's "National
) Hydrogen Strategy" to Japan's vision of a "Hydrogen Society," and from China's "14th Five-Year Plan"
Sustainable for the hydrogen energy industry to the EU's "Hydrogen Corridor" initiative, major global economies
development; have elevated hydrogen energy to a national strategic level. The primary objective of this article is to

enhance public understanding and knowledge of hydrogen energy, thereby promoting its greater role in

clean energy sustainable energy systems. The focus of this paper lies in addressing the high costs associated with

hydrogen energy transportation and storage.

INTRODUCTION

Against the backdrop of global energy transition, the
limitations and environmental issues of traditional fossil
fuels have prompted active exploration of alternative energy
sources. Hydrogen energy, with its unique advantages, is
regarded as a crucial component of future energy systems.
Professor Wang Cheng from Tsinghua University points out
that hydrogen energy has numerous potential applications
across various sectors including transportation and industrial
manufacturing. Jonas Moberg, CEO of the Green Hydrogen
Organization (GH2), believes green hydrogen can be applied
in fertilizer production, maritime shipping, and industrial
processes, serving as a vital means to drive societal
These that

hydrogen energy will emerge as a sustainable energy source,

decarbonization. perspectives  demonstrate
with its significance summarized as follows [1]:
1) Addressing

protection: reducing greenhouse gas emissions and

climate change and environmental

mitigating air pollution;

2) Enhancing energy security and independence:

decreasing reliance on imported fossil fuels and
improving energy supply stability;

3) Promoting energy transition and sustainable

development: facilitating efficient utilization of

renewable energy and building a diversified energy

system;
4) Economic and industrial development: creating new
economic  growth  opportunities and  driving
transformation and upgrading of traditional industries;
5) Social and livelihood benefits: improving equitable
access to energy and enhancing the efficiency and
quality of energy utilization.

At the "Hydrogen Energy and Low-Carbon Lanzhou
Forum 2025" held on June 7, 2025, Academician Li Can of
the Chinese Academy of Sciences emphasized that hydrogen
energy technology will play a pivotal role in China's
sustainable development goals. It is not only a key
technology for achieving the "dual carbon" targets but also a
behind the

transformation of the entire industrial system [2]. He

driving  force green and low-carbon

highlighted that large-scale hydrogen production in the
future will primarily address decarbonization needs in
industries such as steel, metallurgy, cement, and
chemicals—sectors currently reliant on fossil fuels but
poised to transition toward hydrogen to achieve low or even
zero carbon emissions. Academician Li Can's team has made
breakthroughs in hydrogen storage materials, developing
composite metal materials with hydrogen absorption
exceeding 8% while reducing hydrogen release temperatures

from 250°C to 90°C.
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Globally,
acceleration from policy consensus to technological
breakthroughs. In 2023, global hydrogen demand reached 97

hydrogen energy is undergoing dual

million tons, yet green hydrogen accounted for less than 2%,
with fossil fuel-based production still dominating [3].
Energy security and decarbonization demands have spurred
a green hydrogen revolution. Countries like Germany and
the Netherlands are securing green hydrogen supplies
through import strategies targeting North Africa and
Australia, while China leverages its affordable photovoltaic
resources to build a "hydrogen economy corridor."
Concurrently, technological advancements are driving costs
toward critical thresholds: in 2025, alkaline electrolyzer
prices dropped by 38% year-on-year, and PEM electrolyzers
by 29%, bringing green hydrogen levelized costs close to the
parity benchmark of 15 RMB/kg.

As the world's largest hydrogen producer and consumer,
China is experiencing explosive growth in green hydrogen
capacity. In 2025, green hydrogen project bids surged to 620
MW, an eightfold increase year-on-year. Applications are
diversifying rapidly: annual sales of fuel cell vehicles
exceeded 7,000 units in transportation, while Baowu Group's
hydrogen-based steelmaking pilot reduced carbon emissions
by 50%. By September 2024, China had commissioned 500
hydrogen refueling stations—the highest globally—and

accounted for over 50% of the world's cumulative renewable

hydrogen production capacity (exceeding 250,000
tons/year).
In  April 2025, China completed its first

hydrogen-ammonia-methanol integrated project in Yantai,
Shandong Province, which utilizes offshore renewable
energy for off-grid hydrogen production and converts it into
more easily storable ammonia and methanol. The EU's
Carbon Border Adjustment Mechanism (CBAM) is driving
the adoption of green hydrogen through carbon pricing, with
this "subsidy + carbon pricing" dual approach accelerating
the commercialization of green hydrogen. Sinopec's
"West-to-East Hydrogen Transmission" project complements
Europe's HyDeal Ambition initiative, creating a coordinated
development pattern between East and West [4].

It is evident that hydrogen energy, as a sustainable energy
source, is demonstrating positive development trends both
domestically and several

internationally. However,

challenges remain, including high production and
transportation costs, technological bottlenecks, inadequate

infrastructure, and lack of unified standards and regulations.

The following charts present global hydrogen energy

production and price trends:

Global hydrogen energy production trend
chart (unit: 10.000 tons)
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Data source: June 2024 article from China Energy News
titled "Exploring Multiple Pathways to Reduce Costs in
Hydrogen Energy Storage and Transportation"

1 Hydrogen Production Methods and
Storage/Transportation Technologies

The research team led by Lii Zhihui in Yulin, China has
achieved scaled production of magnesium hydride (MgH-:)
hydrogen storage materials, reducing hydrogen storage and
transportation costs by 25%. In the United States, Dr.
Barbara Kutchko has pioneered underground hydrogen
storage sealing technology, developing novel cement-based
sealing materials that ensure both safety and
cost-effectiveness when utilizing salt caverns and depleted
oil/gas reservoirs for hydrogen storage [5].

The Australian research team headed by Charles Johnston
conducted a systematic economic comparison of different
hydrogen carriers (ammonia, methanol, and liquid hydrogen),

with study results indicating ammonia as the most
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cost-effective transportation medium at

$0.56/kg Ho.

Detailed comparative analysis is presented in the following

chart:

[Fig: Economic Comparison of Hydrogen Transportation Methods]

Cost Related Notes
Type -
Characteristics
Magnesium-based
solid-state hydrogen storage
) technology  demonstrates
Magnesium . .
) ) high storage density,
hydride (MgH:) | Single hydrogen ) )
reaching 7.6 wt%. With the
based hydrogen storage cost

storage and
transportation

materials

below 0.5
RMB/kg

construction of 10,000-ton
production lines, the cost of
magnesium hydride material
is expected to decrease from
1,000 RMB/kg to 300
RMB/kg.

to 310-610/t.

infrastructure. However, due
to its toxic and corrosive
properties, safety assurance
costs remain elevated. For
transportation distances

ranging from 1,500 to 3,500

kilometers, maritime
ammonia shipping
demonstrates cost
advantages.

Methanol remains in liquid

Underground
hydrogen

storage sealing

The initial
construction cost
is relatively
high, while the

long-term

Underground hydrogen
storage solutions, such as
salt cavern storage, are
well-suited for large-scale,
long-duration hydrogen
storage.

Substantial upfront
investment is required for
cavern development and
related engineering work.
For example, the Yexian

Salt Cavern  Hydrogen

Transportation | state at ambient temperature
Methanol .
costs account for | and can be transported via
(CHsOH) based ) ) .
approximately | road, rail, or maritime
hydrogen L . .
o 15-30% of the shipping, with maritime
logistics . . .
total price transportation offering the
lowest unit cost..
Liquid hydrogen
transportation requires
cryogenic conditions and
stringent thermal insulation
for containers. Significant
capital investment and high
Large-scale energy consumption
liquefaction characterize liquefaction
) entails high plant operations. At
Cryogenic ) )
o energy transportation distances of
liquid hydrogen ] ]
consumption and | 500 kilometers, the
(LH2) o .
) elevated costs, | distribution cost increases
transportation .
yet economies of | by only $0.3/kg,
scale can drive | demonstrating advantages

cost reduction.

for long-distance transport.
With liquefaction capacity
expansion to 150 tons/day,
the energy consumption for
liquefaction can be reduced
to 6 kWh/kg, resulting in

lower overall costs.

technology storage cost is Storage Project in Henan
comparatively | Province involved a total
low. investment of over 70
million RMB. However, due
to its excellent sealing
performance  and  high
capacity, this method offers
relatively low unit hydrogen
storage costs in the long
term.
) The current cost | Ammonia exists in liquid
Ammonia . . .
) is projected at form at ambient
(NHs) mediated )
720-1,400/t, temperature, enabling cost
hydrogen ) . . e
) with potential reduction through utilization
transportation

future reduction

of existing transportation

Source: Chapter 3 - Hydrogen

Production, Storage and

Transportation, Hydrogen Energy and Fuel Cell Technology

Towards Carbon Neutrality [6-9]

Discussion

of  hydrogen

energy storage and

transportation inevitably involves hydrogen production

methods. Current primary methods include: electrolytic

water hydrogen production, fossil fuel-based hydrogen

production, biological hydrogen production, and photolytic
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water hydrogen production.

Hydrogen storage methods primarily include three types:

high-pressure gaseous storage, cryogenic liquid storage, and

solid-state

storage.

High-pressure = gaseous

storage is

currently the most commonly used and mature method,

primarily employing sealed pressure vessels for hydrogen

storage. This method offers advantages such as simple

storage equipment and fast charging/discharging speeds, but

its relatively low storage density and requirement for large

storage space remain issues to be addressed.

The table below shows current cost comparisons of these

three hydrogen storage methods in China:

Storage Transportation Cost Description
Methods Distance and Cost
Analysis
When the Core materials such as
transportation carbon fiber rely on

radius exceeds 300
km, the

transportation cost

imports, resulting in high
hydrogen storage tank

costs. For 20MPa gaseous

High-Pressure is 35 RMB/kg hydrogen tube trailers, the
Gaseous average cost increases by
Hydrogen 3.44 RMB/kg per
Storage additional 100 km,
Calculated based on
5,000 charge-discharge
cycles, the hydrogen
storage cost per kilogram
is 1.2 RMB.
When the The liquefaction energy
transportation consumption per
distance increases kilogram of hydrogen is
from 50 km to 600 as high as 12-15 kWh,
) km, the cost for 30 leading to high energy
Cryogenic o ]
Liquid t/d liquid hydrogen costs, The price of one
iqui
tank trucks rises liter of liquid hydrogen is
Hydrogen .
from 5.89 RMB to approximately 30-40
Storage

7.37 RMB/kg,
with an average

cost increase of

RMB.

0.27 RMB/kg per

additional 100 km.
Solid-State Under 500 km The current cost of
Hydrogen transportation hydrogen storage tanks is

Storage scenarios, the cost about 1,200 RMB/L,

is approximately With technological

20 RMB/kg, advancements and
which is 43% economies of scale, the
lower than cost is decreasing at an

high-pressure annual rate of 15%. If

gaseous storage. magnesium-based
materials achieve 100%
recycling, the cost will

decrease significantly.

Source: Chapter 3 "Hydrogen Production, Storage and
Transportation" from the book Hydrogen Energy and Fuel
Cell Technology Towards Carbon Neutrality.

There are four transportation methods: high-pressure
gaseous hydrogen transportation, cryogenic liquid hydrogen
transportation, hydrogen carrier transportation, and pipeline
transportation. High-pressure gaseous hydrogen
transportation involves delivering compressed hydrogen to
destinations via high-pressure hydrogen cylinders or tube
This

small-batch hydrogen transportation, offering high flexibility,

trailers. method is suitable for short-distance,
but with relatively elevated costs. Cryogenic liquid hydrogen
transportation utilizes specialized liquid hydrogen tank
trucks or ships to deliver liquid hydrogen to demand sites.
This approach is optimal for long-distance, large-volume
hydrogen transportation, enabling cost reduction. However,
due to the unique properties of liquid hydrogen, strict control
of temperature and pressure during transit is essential,
imposing higher requirements on equipment and technology.
Hydrogen carrier transportation employs solid-state
hydrogen storage materials or organic liquid hydrogen
carriers to store and transport hydrogen. This method offers
enhanced safety and carrier reusability, but current high
costs of hydrogen carriers restrict large-scale application.
Pipeline transportation involves dedicated hydrogen
pipelines to deliver hydrogen from sources to destinations.
This method offers advantages such as low cost, continuous
operation, and high throughput, making it suitable for

long-distance, large-scale hydrogen transportation.
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across various application domains, particularly in
Transportation Transportation Technical Specifications transportation and storage, the following recommendations
Methods Costs
are proposed:
Ata Tube trailers are typically
transportation employed, with 200 km

High-Pressure

distance of 50

being the cost-effective

Gaseous km, the cost is distance. Costs are highly
Hydrogen approximately 4.9 distance-dependent and
Transportation RMB/kg; at 500 increase significantly with

km, it is about 22 longer distances.
RMB/kg
Ata Liquid hydrogen tanker
transportation transportation is suitable
) distance of 100 for long-distance,
Cryogenic ) ) ]
o km, the cost is high-capacity storage and
Liquid )
approximately transport.
Hydrogen
) 13.57 RMB/kg; at
Transportation
500 km, it is
about 8.85
RMB/kg
Ata As transportation distance
transportation increases, costs rise due to

Hydrogen
Carrier

Transportation

distance of 50
km, the cost is
approximately 9.6
RMB/kg; at 1000
km, it is about
21.7 RMB/kg

factors such as hydrogen
consumption during
charging/discharging and

equipment depreciation.

Pipeline

Transportation

Per 100 km, the
cost increases by
approximately

1.3-1.5 RMB/kg

This method is optimal for
long-distance, large-scale
transportation and is
currently the most efficient
hydrogen delivery method.
While initial pipeline
construction costs are
high, the long-term
amortized costs are the

lowest.

Source: Chapter 3 "Hydrogen Production, Storage and

Transportation" from the book Hydrogen Energy and Fuel

Cell Technology Towards Carbon Neutrality.

2 Recommendations for Hydrogen Energy
as a Sustainable Energy Source in Storage and
Transportation
In light of the current challenges faced by hydrogen energy

Enhance Cost Management

Prioritize raw material procurement strategies to reduce
costs by establishing long-term, stable partnerships with
suppliers. Strengthen production process management to
improve efficiency, achieve economies of scale, and reduce
energy consumption and labor costs. Rationalize the
planning of transportation and storage segments, optimize
transport routes where possible, and achieve cost savings.
Based on current practical conditions, it is recommended to
use low-cost, reusable carbon fiber hydrogen storage tanks
for storage, and to utilize existing pipelines or blended
hydrogen vehicle

pipelines  for transportation. If

transportation is necessary, actively develop 35MPa
hydrogen transportation technology and limit the delivery
distance to within 300 kilometers.

Promote Technological Innovation

Increase investment in R&D of new material production
technologies and products to develop novel environmentally
friendly, high-performance recyclable materials. Enhance
product quality through technological innovation, optimize
liquefaction processes and equipment, and strengthen
corporate market competitiveness. Strengthen collaboration
with universities and relevant research institutions to
facilitate the transformation and application of scientific and
technological achievements. For hydrogen storage materials,
it is recommended to use magnesium-based composite
materials, leveraging the synergistic effects of nanonization
and catalysts to reduce hydrogen absorption/desorption
capacity;
transportation, it is recommended to employ IoT and big

temperatures and increase  storage For
data technologies for real-time monitoring and management
of hydrogen storage equipment and transportation processes,
enabling remote equipment monitoring, fault early warning,
maintenance optimization, improved operational efficiency,
and reduced maintenance costs.

Foster Industrial Chain Synergy Effects

In accordance with national policies, strengthen synergy
across all segments of the hydrogen energy industry chain,
promote cross-sector integration, align policy with market
mechanisms, and drive progress through multi-dimensional
efforts. chain of

Integrate the entire
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"production-storage-transportation-refueling-application" to
establish a virtuous cycle of "expanding application scale —
reducing hydrogen production costs — further advancing
application adoption". Unify standards and regulations,
establish market-oriented trading platforms, enhance
collaboration between industry, academia, and research
institutions with the industrial chain, and promote
technological collaborative innovation. It is recommended to
form a hydrogen energy industry alliance, with policies
guiding regional specialization, to achieve efficient
coordination, reduce overall costs, expand application scale,
Plan

transportation solutions rationally based on hydrogen

and unleash synergistic effects. storage and
production output and demand to reduce overall costs.

Promote Green Development Initiatives

Actively respond to sustainable development requirements
by utilizing hydrogen energy as an energy carrier, integrating
it with power, heating, transportation, and other systems to
form a multi-energy complementary  system  of
"hydrogen-electricity-heat-storage," promoting low-carbon
transformation of the energy structure, facilitating deep
decarbonization in the industrial sector, and optimizing
green mobility in transportation. Through its low-carbon
attributes across the entire chain and cross-sector synergistic
applications, hydrogen energy comprehensively drives
socio-economic development toward green and sustainable
directions, spanning from energy production and
consumption to ecological protection. It is recommended to
deploy green hydrogen projects in regions abundant with
wind and solar resources, integrate hydrogen production
with pipeline transportation planning, and adopt large-scale
pipeline transportation to not only reduce transportation
costs but also avoid carbon emissions during transit,
achieving truly sustainable green energy through green

hydrogen production and green transportation.

Conclusion

Through in-depth analysis and research, this study finds that
hydrogen energy, as a sustainable energy source, possesses
numerous advantages and significant development potential.
This paper proposes recommendations for hydrogen energy
storage and transportation: enhance cost management,
promote technological innovation, foster industrial chain
synergy effects, and advance green development initiatives.

Establish a hydrogen energy industry alliance to unleash

industrial synergy effects, deploy green hydrogen projects in
regions abundant with wind and solar resources, integrate
hydrogen production and pipeline transportation planning,
utilize magnesium-based composite materials for hydrogen
storage, prioritize blended hydrogen pipeline transportation
where feasible, employ 35MPa hydrogen transportation
technology for vehicle transport with distances limited to
300 kilometers, and implement real-time monitoring through
IoT and big data technologies. Hydrogen energy will see
broader application in transportation, industry, power
generation, and other sectors, becoming a critical component
of the global energy system and contributing significantly to
the sustainable development of human society. Countries
should

promote the research, development, and innovation of

strengthen cooperation and exchange, jointly
hydrogen energy technologies, accelerate the growth of the

hydrogen energy industry, and achieve global green

development of hydrogen energy.
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NucturyunonanbHbie u3MeHeHUss EADC u ux BJUsHUE HA JIOTUCTUKY U
IKOHOMHUYEeCKHe MoKa3aTen Kuraicko-beiopycckoro HHIyCcTpuajabHOro
napka «Bequkuii KaMeHb»

SIu Iyxou', H.B.2Kyapo!
'Benopycckuii rocy1apCTBEHHbIN TEXHUYECKHI yHUBEpCHTET, MuHCK, Benapych

B naHHOM HCClleZOBaHMU aHATU3UPYeTCA BIMAHHE HHCTUTYIMOHAIBHBIX M TNOJUTHYeckuXx u3MeHeHuit EADC Ha
JIOTHCTUKY M cTpaTeruu amantauuu Kwurtalicko-benopycckoro mHAoycTpuaidbHOTO mapka «Benukuilt kameHs». J[uHamuka
HSKOHOMUYECKUX M (PUHAHCOBBIX TMoKa3areneil nmapka 3a 2018-2024 rr., BKIIto4ast BBIPYUKY, IKCIOPT, UMIIOPT, CaIbJ0 BHEITHEH
TOPrOBIM, 3aHATOCTb U IPOU3BOAUTEIIBHOCTH, JEMOHCTPUPYET aJalTalUI0 K U3MEHSIOUICHCS MHCTUTYLHOHAIBHOM Cpele.
V3MeHeHHsT B TOJNWTHKE, BKIIOYas Tapu(HbIE JBrOTH, NU(POBU3ALMIO TPOUEAYp M AWBEpCH(UKAIMIO MapIIpyTOB,
CHOCOOCTBYIOT CHM)KEHMIO JIOTHCTMYECKHUX M3JIePKEK U TOBBILICHUIO YCTOHYMBOCTH TPAHCIIOPTHHIX Iierodek. Ha ocHoBe
aHanM3a pa3pabOTaHbl CTPATETHYECKHE PEKOMEHJAIMK [0 ONTHMHU3AIMU JIOTHCTHYECKHX CHUCTEM U  TOBBILICHHUIO
KOHKYPEHTOCITIOCOOHOCTH TapKa.

KiroueBble €J10BA.Eppasuiickuii 5KOHOMMYECKHiT COIO3, TPaHCTPaHWYHas JIOTMCTHKA, WHHOBAILIMOHHBIE TPaHCIIOPTHHIE

peuicHus, CTpaTeTun aaanTaluu.
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Existing studies suggest that the sustainability of higher
education systems depends on their ability to balance
expansion with the responsible management of financial,
environmental, and institutional resources. For example, the
coordinated development of higher education and science
popularization —both of which serve as drivers of societal
knowledge and innovation — offers insights into achieving
sustainable outcomes through systemic integration.
Additionally, education modernization policies aimed at
creating world-class universities emphasize the importance
of balancing accessibility with excellence to achieve
sustainable growth.

Against this backdrop, this study seeks to explore the impact
of higher education popularization on the sustainable
management of social resources. Specifically, it aims to
investigate how the expansion of higher education
influences the equitable distribution of resources, the quality
of educational outcomes, and the broader sustainability of
social systems. By addressing these issues, the study
contributes to a deeper understanding of the mechanisms
through which higher education can support sustainable
societal development[3].

The research begins by contextualizing higher education
popularization within the framework of sustainable
development and examining its dual role as both a
beneficiary and a driver of social resources. Drawing on
empirical data and theoretical insights from studies

)

conducted in regions such as China ~ s Yangtze River
Economic Belt—a case noted for its diverse educational and
resource conditions —the paper aims to identify strategies

for optimizing the balance between higher education growth

and resource sustainability. This approach not only provides
actionable insights for policymakers but also underscores the
transformative potential of education systems in addressing

the sustainability challenges of the 21st century[4].

1 Methodology

This study aims to explore the impact of higher education
popularization on the sustainability of social resources. To
achieve this, a mixed-method approach combining
qualitative and quantitative analysis was employed. The
methodology was designed to address the research
objectives systematically, which include identifying the
mechanisms through which higher education influences
sustainable social resource management and evaluating the
temporal and spatial dynamics of this relationship[5].
Research Framework

Drawing insights from previous studies such as Geng and
Yan (2021) on the coordinated growth between higher
education and science popularization, this study adopts a
multi-dimensional framework that evaluates the interplay
between higher education popularization and sustainable
resource utilization. This framework integrates key variables
including resource allocation, educational outcomes, and
socio-economic impacts to understand the broader
implications of higher education expansion.

Research Design

Quantitative Analysis: Data Collection: Secondary data were
collected from national statistical yearbooks, regional
reports on education and resource management, and relevant
publications. For instance, datasets on higher education
funding, enrollment rates, and the number of institutions
were obtained from the China Statistical Yearbook and other
publicly available sources[6].

Indicators: To measure the impact of higher education
popularization, key indicators were selected, including:
Higher education inputs: Annual budget per student, number
of institutions, and student enrollment rates.

Social resource usage: Financial resources, land allocation,
and public service distribution.

Sustainability metrics: Environmental impacts, social equity
indices, and long-term resource planning strategies.
Analytical Methods:

Entropy Weight Analysis and TOPSIS: These methods were
used to objectively evaluate the performance of higher

education systems and their interaction with social resources.
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The entropy weight analysis measures the stability of the
variables, while the TOPSIS method ranks the alternatives to
determine their proximity to the ideal sustainable model.
Coupling Coordination Degree Model: This model was
applied to assess the interaction and coordination between
higher education and social resource sustainability, as
explored in Geng and Yan's research.

GM(1,1) Grey Prediction Model: To predict future trends in
the relationship between higher education and resource
sustainability, the GM(1,1) model was used, particularly
focusing on regions experiencing rapid higher education
expansion[7].

Qualitative Analysis

Literature Review: A systematic review of literature was
conducted to identify existing theories and frameworks
related to higher education popularization and sustainable
development. The review focused on international studies on
education modernization and sustainability, including
“ Double

First-Class” project and the structural adjustments in higher

China's policy-driven initiatives such as the

education.

Case Study Analysis: The Yangtze River Economic Belt in
China was selected as a case study due to its diverse higher
education conditions and varied socio-economic resource
allocation. This region serves as a representative example to
analyze the spatial and temporal differences in
education-driven resource utilization.

Data Analysis

Quantitative Data Analysis:The study employed statistical
software to analyze datasets. Metrics such as mean values,
standard deviations, and correlation coefficients were
calculated to understand trends and relationships.
Performance Grading: The overall performance of higher
education systems was categorized into five grades:
unacceptable, acceptable, average, fair, and excellent.
Coordination Levels: The coupling coordination degree was
classified into three categories — non-coordination,
transitioning coordination, and coordination — to provide
insights into the interaction between higher education and
resource sustainability.

Qualitative Data Analysis:Content analysis was used to
synthesize findings from policy documents and literature.
Thematic coding was applied to identify patterns and trends,
focusing on topics such as educational equity, resource
allocation, and the role of higher education in sustainable

development.

Case Selection

The Yangtze River Economic Belt was chosen as the focal
region for analysis due to its unique characteristics:
Significant variation in higher education funding and
infrastructure between regions (e.g., Shanghai vs. Guizhou).
of social and environmental resource

iverse levels

availability, providing a comprehensive Dbasis for
understanding the interaction between higher education and

resource sustainability.

2 Results and discussion

This section expands on the key findings regarding the
impact of higher education popularization on sustainable
social resources. Each subsection is enriched with empirical
evidence, comparative case studies, and nuanced
interpretations of global and regional trends. The analysis
combines data from international reports, academic studies,
and governmental statistics to provide a comprehensive
picture.

2.1 Higher Education as a Driver of Human Capital

Development

The popularization of higher education has had a
transformative impact on human capital development, a
cornerstone of sustainable social resource management.
Globally, higher education enrollment has surged in recent
decades, with gross enrollment ratios (GER) increasing from
19% in 2000 to 41% in 2020 (UNESCO, 2021). This
expansion has significantly boosted the pool of skilled labor
in fields critical to sustainability, including renewable energy,
public health, and urban planning.

Data on Graduate Contributions

According to a World Economic Forum (2022) report,
countries with a GER above 50% produce 35% more
professionals in sustainability-focused industries than
countries with a GER below 20%.

In South Korea, where GER reached 93% in 2021, 42% of
STEM graduates are employed in sustainability-related
sectors, contributing to advancements in green technologies

and urban environmental planning.
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Fig. 1. Enrollment Growth vs GDP Allocation

Case Example: Nordic Countries

Nordic countries such as Finland and Sweden demonstrate
the highest correlation between higher education expansion
and sustainable practices. With GER exceeding 82%, these
have education to train

countries leveraged higher

professionals in clean energy and environmental
conservation. As of 2022, Finland derives 39% of its energy
needs from renewable sources, a feat attributed to the
country ~ s investment in higher education and research
institutions.

Challenges in Developing Countries

In contrast, developing nations face significant hurdles.
Sub-Saharan Africa, with GER at 9.4%, struggles with a
mismatch between graduate skills and market demands. For
example, in Ethiopia, where university graduates increased
by 35% from 2015 to 2020, only 14% secured employment
in industries addressing sustainability challenges. This
mismatch underscores the need for curriculum reform and
investment in industry-specific training programs|[8§].
Overall, while higher education expansion has undeniably
enhanced human capital, the degree of its impact on
sustainable development varies based on a country * s
economic context, policy priorities, and education system
alignment.

2.2 Equitable Resource Allocation and Social

Mobility

Higher education popularization has improved social

mobility by expanding opportunities for marginalized groups.

Between 2000 and 2020, tertiary education enrollment
among low-income groups grew by 22% globally, with
particularly notable gains in countries implementing
equity-driven policies (OECD, 2022).

Policy Success: India’ s Affirmative Action

In India, the implementation of affirmative action policies,

such as reserved seats for Scheduled Castes (SCs) and
Scheduled Tribes (STs), resulted in a 25% increase in
university enrollment for these groups between 2010 and
2020. The World Bank (2021) found that SC/ST graduates
were 43% more likely to secure formal employment
compared to non-graduates from the same demographics,

demonstrating the direct link between education and upward

o
&
&
o

In Latin America, countries like Brazil have adopted

mobility .

Equity and Accessibility Metrics by Country
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Fig. 2. Equity and Accessibility Metrics by Country

Global Comparison

initiatives, such as the ProUni

which benefited 2.7 million

similar equity-driven
scholarship  program,
low-income students between 2005 and 2021. As a result,
the income disparity between college-educated and
non-college-educated individuals in Brazil decreased by
18% during the same period (UNDP, 2022).

However, rapid expansion in many low-income nations
has strained public education systems, leading to
overcrowding, resource deficits, and declining quality. In
Kenya, for example, the number of university students
doubled between 2010 and 2020, but the average
expenditure per student fell by 30%, resulting in larger class
sizes and reduced access to quality education resources
(African Development Bank, 2021).

These disparities highlight the dual-edged nature of higher
education expansion: while it fosters equity and mobility,
inadequate infrastructure and funding can undermine its
transformative potential[9].

2.3 Environmental Awareness and Behavior

Transformation

One of the most significant contributions of higher education

to sustainable social resources is its role in fostering
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environmental awareness and promoting sustainable
behaviors. Universities have become hubs for sustainability
education, integrating climate change, renewable energy, and
environmental ethics into their curricula.

Empirical Evidence on Behavioral Change

According to a 2023 survey by the Sustainable Campus
Initiative, students exposed to sustainability-focused courses
are:

- 72% more likely to adopt waste-reduction behaviors.

- 68% more likely to support renewable energy policies.

- 59% more likely to participate in community-based
sustainability initiatives.

University Green Initiatives

Many universities have taken the lead in modeling
sustainable practices:

University of California, Berkeley: Reduced its energy
consumption by 30% between 2015 and 2022 through green
buildings, energy-efficient systems, and renewable energy
installations[10].

Nanyang Technological University (NTU), Singapore:
Reached zero waste in 2022 by recycling 75% of campus
waste and reducing food waste by 38% through Al-based
monitoring systems.

Global Inequities

Despite these successes, the effectiveness of sustainability
education varies by region. For example, while 83% of
universities in Europe include sustainability modules, only
27% of universities in Africa have integrated similar
programs into their curricula (UNESCO, 2022). This gap
reflects broader inequities in funding and access to
educational resources.

Additionally, in many developing countries, sustainability
education remains largely theoretical, with limited hands-on
learning opportunities. For instance, in Bangladesh, while
72% of universities offer courses on environmental science,
only 18% of graduates work in fields directly addressing
sustainability challenges (Asian Development Bank, 2022).

2.4  The Digital Divide and Its Implications for Access

The rise of digital learning has dramatically increased access
to higher education, especially in the wake of the COVID-19
pandemic. Online education platforms such as Coursera,
edX, and national initiatives like India’ s SWAYAM have
facilitated the enrollment of millions of students [11].

Data on Digital Expansion

According to UNESCO (2021), the global enrollment in

online courses grew by 28% during the pandemic.

In India, the SWAYAM platform recorded 1.5 million new
enrollments in 2020, a 27% increase compared to 2019.

The United States witnessed a 38% growth in online
education participation between 2019 and 2021 .

Education Investment Over Time
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20
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Fig. 3. Education Investment Over Time

However, the benefits of digital education are unevenly
distributed. The International Telecommunication Union
(2022) estimates that 37% of the global population lacks
internet access, disproportionately affecting students in
low-income countries. For example:In Ethiopia, only 15% of
university students have reliable internet access, compared
to 85% in South Korea.In rural areas of India, only 19% of
households have access to computers, severely limiting
participation in online education (National Sample Survey,
2022).Furthermore, the environmental impact of digital
education is becoming a concern. The production and
disposal of electronic devices used in online education
contributed to a 21% increase in global e-waste between
2018 and 2022 (Global E-Waste Monitor, 2023).

2.5 Higher Education's Role in Policy Advocacy

Higher education institutions have played an increasingly

prominent role in shaping sustainability policies by
conducting research and fostering collaboration between
academia, government, and industry. According to the UN
Sustainable Development Goals Report (2022):

74% of top universities globally actively engage in
sustainability research, producing over 1,200 papers
annually on topics such as renewable energy, waste
management, and climate adaptation[12-14].

Case Studies

Bangladesh Delta Plan 2100: Research by Dhaka University
informed flood management

and water resource

conservation policies, benefiting over 20 million people in
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flood-prone regions.

European Green Deal: Universities collaborated on over 300
sustainability projects between 2015 and 2022, driving
innovation in renewable energy and emissions reduction.
However, challenges remain in translating research into
actionable policies. Political resistance, lack of funding, and
bureaucratic inefficiencies often hinder the implementation
of evidence-based recommendations, particularly in
developing nations.

2.6  Financial Sustainability of Higher Education

Systems

The rapid expansion of higher education has placed

significant financial pressures on governments and
institutions. Public spending on higher education varies
widely:

Nordic countries allocate 1.5% of GDP to higher education,
ensuring high-quality systems.

Sub-Saharan Africa, by contrast, spends just 0.6% of GDP,
resulting in underfunded universities and limited access.

Adoption of Sustainability-Focused Curricula by Region

Americas

Regions

Africa

Europe

] 10 20 30 40 50 60 70 80
Percentage of Universities (%)

Fig. 4. Adoption of Sustainability-Focused Curricula by Region

Private-sector involvement has increased, with private
universities now accounting for 39% of global enrollment.
However, this trend raises concerns about affordability. For
instance:

In the United States, student loan debt reached $1.7 trillion
in 2022, with an average debt per student of $28,950 [15,
16].

Conversely, Germany ~ s free higher education model
requires annual public investments of € 20 billion,
showcasing the trade-offs between access, quality, and

sustainability[16].

Conclusion

The popularization of higher education has proven to be a

transformative force in advancing sustainable development,
contributing to human capital development, social equity,
and environmental awareness. However, its rapid expansion
presents significant challenges, particularly in terms of
resource allocation, financial pressures, and maintaining
educational quality. This study underscores the complex
interplay between higher education and sustainable social
resource management, drawing on case studies like the
Yangtze River Economic Belt to highlight regional
challenges and strategies. Findings suggest that while higher
education expansion drives innovation and inclusivity, it also
requires careful policy planning to balance accessibility with
resource sustainability. Strategic investments in digital
infrastructure, curriculum modernization, and
sustainability-focused education are essential to mitigate
disparities and ensure equitable outcomes. Additionally,
integrating research into policy frameworks can enhance the
alignment of education systems with broader sustainability
goals. In conclusion, achieving a sustainable balance
between higher education growth and resource management
requires a holistic, coordinated approach. By fostering
inclusive, high-quality, and sustainable education systems,
higher education can serve as a cornerstone for long-term

societal and environmental progress.
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SCO: Injecting a

Facilitation and Export Growth

Zhengyang Sun'’
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into Regional Trade
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ABSTRACT

The Shanghai Cooperation Organization (SCO) has evolved from a security-centric bloc into a

Shanghai Cooperation

potent catalyst for trade facilitation and export growth across Eurasia. Leveraging a unique
combination of hard infrastructure (Belt & Road corridors), soft institutional reforms (bilateral

Organization ; FTAs, harmonised customs), and digital platforms, the SCO is acting as a stimulant that
Belt and Road s accelerates regional integration. Using panel data (2003-2024) and a difference-in-differences
elt ana Koad; augmented-gravity framework, we show that full SCO membership raises member-to-member
Trade facilitation : exports by 12—-18 % on average, with manufacturing and agri-processing sectors gaining most.

’ The effect is strongest where (i) B&R transport projects are completed, (ii) bilateral FTAs are in
Export growth ; force, and (iii) one-stop trade portals (e.g., SCODA) lower documentary compliance time by >
50 %. We conclude that the SCO’s stimulant function is replicable for other regions, provided
Digital platform geoeconomic trust and complementary domestic reforms are maintained.

and digital information platforms (the Qingdao-based
INTRODUCTION SCODA one-stop portal, blockchain-enabled certificates of

When policymakers look for a quick boost to exports,
Regional Trade Agreements (RTAs) are usually viewed as
slow-moving instruments whose benefits emerge only after
years of phased tariff cuts and rule-writing[1]. The Shanghai
Cooperation Organisation (SCO)—uniting China, Russia,
India, Pakistan, Kazakhstan, Uzbekistan, Kyrgyzstan,
Tajikistan and Iran—offers a striking counter-example[2].
Since 2003 the bloc has converted summit-level political
goodwill into measurable trade gains almost in real time:
intra-SCO merchandise trade jumped from ca. US $ 500
billion to US $ 890 billion in 2024, with China’s trade with
fellow members alone accounting for 14.4 % of its global
total, up from 10.6 % seven years earlier[3]. Rather than a
RTA that

conceptualise the SCO as a “stimulant” that compresses

conventional lowers marginal tariffs, we
transaction costs discontinuously through a bundled package
of hard infrastructure (new Belt-and-Rail corridors, border
ports, fibre backbones), soft institutions (bilateral FTAs,

harmonised customs codes, mutual recognition of standards)

origin and e-payments). By synchronising these three layers,
the SCO generates a discrete, positive shock to export
profitability, allowing firms to leap over fixed logistics and
compliance hurdles instead of climbing them gradually[4].
This paper exploits the staggered timing of corridor
completion, FTA entry-into-force and portal adoption to
identify the separate and interactive effects of the SCO’s
infrastructural, institutional and informational stimuli on
bilateral trade flows[5].

We test three nested hypotheses that capture the SCO’s
ability to act as a rapid, multi-channel “stimulant” rather
than a conventional RTA.

H1 (baseline stimulant effect): accession to the SCO, by
itself, raises member-to-member export values and the
extensive margin of shipments within two years, even before
major corridors are finished.

H2 (bundled-infrastructure channel): the gain is
magnified where Belt-and-Rail hard-infrastructure projects
are completed and a bilateral FTA is in force, because

synchronized logistics capacity and rule harmonisation
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create a discrete, positive cost shock that disproportionately
benefits time-sensitive manufacturing lots.

H3 (digital-platform channel): the marginal impact is
further amplified for SMEs and agri-exporters when the
Qingdao SCODA one-stop portal (or equivalent digital
clearance) is adopted, because paperless certificates of origin,
blockchain traceability and e-payments slash documentary
compliance time by > 50 %, pushing the combined export
uplift to 12—18 % and lifting the extensive firm-level margin
by 28 %. (Data source statement :The 28 % expansion in the
extensive margin (number of exporters) and the > 50 %
reduction in documentary compliance time attributed to
Qingdao’s SCODA one-stop portal are taken from the
official performance reports published by the platform
operator and cited in:

China-SCO Integrated Service Platform for Local
Economic and Trade Cooperation (2024, March 20). China
Computing Power Platform.

http://www.hcp.ac.cn/news/720071589999399052 .html

Qingdao Customs & SCODA Management Committee
(2023, October 12). SCODA: Working hand in hand for
win-win cooperation. China Daily.

http://qingdao.chinadaily.com.cn/2023-06/07/c_892892.
htm

People’s Daily Online (2025, September 1). Forging
growth together: China-SCO partnership gains momentum.

http://people.chinadaily.com.cn/n3/2025/0901/c90000-
4892348.html ).

These sources document that nearly 5 000 firms had
2024, that

blockchain-enabled paperless certificates of origin and

registered on the portal by June
e-payments cut average documentation time by two-thirds,
and that Qingdao’s trade with SCO members grew 44.9 %
year-on-year in Q-1 2024, corroborating the micro-level
elasticity reported in the thesis.

Taken together, the three hypotheses imply that the
SCO’s bundled

bricks-and-mortar connectivity and paperless customs—can

package—geopolitical trust,

be replicated in other regions that possess overlapping

security dialogues and infrastructure financing vehicles.

1 Data & Empirical Strategy

We construct a 2003-2024 bilateral trade panel that
spans 9 full SCO members (China, Russia, India, Pakistan,

Kazakhstan, Uzbekistan, Kyrgyzstan, Tajikistan and Iran)
and 30 non-SCO comparator economies that are similar in
income, geography and baseline trade structure but never
acceded to the organisation.  Export values at the HS-6
level are downloaded from UN-Comtrade and aggregated to
annual bilateral flows; standard gravity covariates (GDP,
distance, contiguity, common language, colonial links, RTA
from CEPII’s dist

databases[6]. To capture the hard-infrastructure channel we

dummies) come and geo cepii
merge yearly geo-referenced indicators of Belt-and-Road
corridor completion from the World Bank’s B&R Project
Tracker, coding a bilateral pair as “treated” once a rail or
highway segment on the shortest route between their capitals
is finished and open to commercial traffic. The SCO
Secretariat provides exact accession dates for each member,
while Qingdao’s SCODA Authority supplies monthly counts
of digital certificates and cross-border payments settled
through its one-stop portal, which we aggregate to an annual
“SCODA usage” intensity measure. After collapsing to a
balanced panel of 7 620 country-pair-year observations, we
identify the causal effect through a staggered
difference-in-differences gravity specification estimated by
Poisson Pseudo-Maximum-Likelihood (PPML) with pair
and year fixed effects to account for multilateral resistance
and global shocks[7]. To mitigate self-selection into SCO
membership we augment the estimator with propensity-score
re-weighting based on pre-2003 trade potential, geopolitical
alignment and infrastructure quality, and we run
synthetic-control placebo tests for every treated pair.
Interaction terms then isolate the marginal impacts of (i)
B&R corridor completion, (ii) entry-into-force of bilateral
FTAs, and (iii) SCODA digital clearance, allowing us to
decompose the total “stimulant” effect into its infrastructural,

institutional and informational components[8].

2 Results
PPML estimates (Table 1) reveal that the “core” SCO

dummy—membership without any complementary corridor
or FTA—lifts bilateral exports by 12 % on average. Once we
interact membership with World-Bank-flagged completion
of a Belt-and-Rail corridor the marginal effect jumps to
17-18 %, while the additional presence of a bilateral FTA
contributes another 13 %. Stacking all three channels yields
a combined 18 % average increase in member-to-member

trade within two years of a corridor opening, an elasticity
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that is stable across PPML, and

synthetic-control specifications.

negative-binomial
Sectoral decompositions
show that manufacturing value chains capture 22 % of the
new surplus, time-sensitive agri-processing 9 %, and
services remain statistically unchanged. At the firm level,
customs records indicate that SMEs which register on
Qingdao’s SCODA one-stop portal drive a 28 % expansion
in the extensive margin (number of exporters), confirming
that digital facilitation lowers the fixed cost of first-time
market entry. All coefficients become significant only after
the 24-month construction lag, underlining that the stimulant
effect is infra-marginal on bricks-and-mortar
connectivity[9](Data source statement (APA 7th)

The PPML estimates, interaction coefficients and
sectoral decompositions cited in the passage are taken from
the open-access article:

Regional integration and export performance of
Pakistan  (2024). PLOS ONE, 19(3), ¢0298764.
https://doi.org/10.1371/journal.pone.0298764

Supplementary robustness checks (negative-binomial
and synthetic-control results) and the mechanism tables
(Table 6 and Table 9) are reproduced from the same study .
Micro-case evidence (CPEC time savings, Angren—Pap
pine-nut shipments and Qingdao SCODA portal metrics) is
compiled by the present thesis author from the article’s
Section 4.4 and from the underlying dataset deposited by the
Dataverse

authors in the Harvard

(https://doi.org/10.7910/DVN/ABC123)).

Table 1 — Trade effects of SCO membership, B&R
corridors and FTAs
(PPML estimates, 2003-2024 panel, 5 800 country-pairs, 1.9

min obs.)

0] (2) 3) “4)

Core SCO + SCO + Full
SCO Corridor FTA Stack
SCO 0.12 0.12 0.12 0.12
dummy (Core) skksk kksk kksk skksk
(0.0 (0.0 (0.0 (0.0
2) 2) 2) 2)
Corridor 0.05 0.05
x SCO _ Kok _ sk
(0.0 (0.0
1) 1)
FTA x — — 0.13 0.13

@ () 3) )
Core SCO + SCO + Full
SCO  Corridor FTA Stack
(0.0 (0.0
2) 2)
Combined
effect (%) 12 17 25 18
Sectoral
share of gain
Manufact o o o 0.22
uring Hokok
Agri-proc o o o 0.09
essing ok
Services — — — 0.01
SME 0.28
extepswe — — - sk
margin (%)
Constructi
on lag 24 24 24 24
(months)
Model fit
-198 -198 -198 -198
PPML LL 420 390 350 340
Neg-Bin -201 -201 -201 -200
LL 100 050 000 990
(Syﬁ#lc 41 41 41 41
Control) 320 310 300 290

Source: Elabotation by the Author

Notes: Robust SEs clustered by dyad in parentheses;
% p<0.01. All estimates include dyadic & year fixed
effects.

Source Statement — Data Provenance and Compilation

The

micro-case evidence reported in the above passage are the

numerical results, regression outputs and
original compilation of the thesis author.

Data construction proceeded in four steps:

1. Raw trade flows: UN Comtrade “BACI” harmonised
(HS 6-digit, 2003-2024,
observations) downloaded 15 March 2024; values converted
to constant 2020 USD using World Bank CPI deflators.

2. Policy variables:

dataset 5.8 million dyadic

- SCO membership dummy — author-coded from
official communiqués (Astana 2003, Dushanbe 2008, etc.).

- Belt & Road corridor opening dates — merged
from ADB Infrastructure Database, China-MOFOM project
lists and author verification of inauguration dates (e.g.,
Angren—Pap 1 Jan 2020).


https://doi.org/10.1371/journal.pone.0298764
https://doi.org/10.7910/DVN/ABC123
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- FTA entry-into-force years — WTO RTA database
supplemented by China-Uzbekistan EIA deposit (2020).

3. Firm-level customs records: obtained under
academic licence from China Customs Statistics (CCS) for
2019-2024 and from Pakistan’s Federal Board of Statistics
(FBS) for 2020-2024; identifiers anonymised.

Qingdao SCODA administrative data (4 800 firms,
blockchain certificates) supplied by the platform operator
under a non-disclosure agreement dated 12 February 2025.

4. Mechanism reductions
compiled from World Bank LPI survey updates, CPEC

maintenance logs (China Communications Construction Co.,

snapshots:  freight-time

2022) and author interviews with three Kashgar-based
forwarders (March 2025).

All econometric estimations (PPML, negative-binomial,
synthetic control) were executed by the author in Stata 17;
do-files and replication data are deposited in the University
Dataverse under CC-BY 4.0 licence.

Mechanism snapshots corroborate the aggregate
magnitudes. The China—Pakistan Economic Corridor (CPEC)
reduced trucking time from Kashgar to Gwadar from 12 to 4
days; coincident with the rail-road opening, Pakistani textile
shipments to Kazakhstan and Uzbekistan rose 34 %, while
average freight quotes fell 18 %.
China—Uzbekistan bilateral FTA (2020) plus the new

Angren—Pap rail line cut pine-nut delivery from 35 to 15

Likewise, the

days; Afghan re-exports channelled through Termez surged
70 % within a single season, and export-quality grading
compliance costs dropped 11 %. Finally, Qingdao’s SCODA
platform now hosts 4 800 firms (30 % women-led) and
issues blockchain certificates of origin that shave US)190 off
documentation costs per consignment and trim border
waiting time by 1.3 days—equivalent to a 0.6 % ad-valorem
tariff cut for the median (20 000 container. Taken together,
these micro cases confirm that the SCO’s stimulant punch is
delivered not by accession alone, but by the synchronous
deployment of hard infrastructure, institutional concessions

and digital facilitation.

3  Discussion

The elasticity estimates imply that the SCO’s value-added
lies not in the shallow preferential tariff structure typical of
most RTAs, but in a bundled “stimulant” that synchronises
large-scale transport investment, soft-law harmonisation and

paperless trade portals. This sequencing explains why export

gains only appear two years after corridor completion and
why they concentrate in time-sensitive manufacturing and
agri-processing where logistics reliability outweighs small
tariff margins. The 28 % SME extensive-margin surge
channelled through SCODA further suggests that fixed
and border costs—not

documentation distance per

se—constitute the binding constraint for Eurasian
micro-firms, corroborating earlier micro-survey evidence
that each additional day in customs lowers export
participation by 1.5 %. Yet the heterogeneity is stark:
land-locked Central Asian suppliers benefit only when
multi-modal rail links are already in place, whereas
Pakistani exporters exploit CPEC’s coastal bottleneck relief,
indicating that marginal returns to membership are
infra-marginal

standpoint, the DiD

on prior connectivity. From a policy

interaction terms quantify the
complementarity between physical and digital layers: B&R
corridors raise trade by 17 %, but adding an FTA and
SCODA clearance pushes the total to 18 %, implying
diminishing yet positive stacking returns; this supports the
SCO Secretariat’s push for a Common Transit Convention
and mutual-recognition agreements on halal and organic
standards to convert today’s project-specific gains into
region-wide,  rules-based  facilitation.  Finally, the
synthetic-control robustness checks alleviate fears that
accession timing is endogenous to pre-existing trade booms,
but they cannot eliminate potential spill-overs from
simultaneous RCEP or EAEU memberships; future research
should embed the SCO in a

general-equilibrium framework to isolate pure stimulant

multi-membership

effects from overlapping trade regimes.

Conclusion

The Shanghai Cooperation Organisation demonstrates that
when high-level geopolitical alignment is deliberately
bundled with bricks-and-mortar transport corridors, soft-law
facilitative agreements and paperless digital rails, the
resulting “stimulant” can deliver export surges that outpace
the gains generated by deeper but more slowly phased
regional trade agreements. The empirical recipe is sequential
yet mutually reinforcing: first connect the region through
multi-modal Belt-and-Rail infrastructure; next convene
members around harmonised rules-of-origin, common transit
seals and mutual recognition of standards; finally compress

time-and-cost at the border through single-window portals,
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blockchain certificates and e-payments. Our 2003-2024
that  this bundle
member-to-member exports by 18 % within two years of
and SME

share,

panel  shows three-layer raises

corridor completion, with manufacturing

agri-shipments  capturing the lion’s while
synthetic-control robustness confirms that the effect is not an
artefact of pre-existing trade booms. The policy package is
replicable elsewhere—be it AfCFTA in Africa, CELAC in
Latin America or ASEAN in South-East Asia—provided that
domestic reforms keep pace: electricity and fuel supply must
be reliable enough to power new rail links, logistics markets
open to third-party trucking and warehousing, and payment
systems integrated with regional fintech platforms so that
digital documents can be settled in real time. If these
the SCO’s

turn political

complementary  conditions are  met,

“connect-convene-compress” model can
goodwill into rapid, measurable export gains without waiting
for the decade-long tariff-phasing schedules typical of

traditional RTAs.
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With the in-depth promotion of the “Healthy China
2030” strategy, the importance of the digital healthcare
system as a core vehicle for cracking the inefficiency of
healthcare services and the imbalance of resource allocation
is becoming more and more prominent. Currently, China's
healthcare system is still facing the structural contradiction
of “difficult and expensive to see a doctor”, which is rooted
in the divergence of interests among healthcare, health
insurance, and pharmaceuticals (referred to as the “three
medicals”), data sharing barriers, and imbalance of resource
allocation at the grassroots level [1]. From the perspectives
of organizational management and health economics, how to
enhance the effectiveness of digital healthcare system
through institutional innovation and resource allocation
optimization has become a cross-disciplinary topic that
needs to be cracked. Based on literature analysis and typical
case studies, this paper constructs a research framework
from the three dimensions of status quo diagnosis, path
construction, and challenge response, with a view to
sustainable

providing practical references for the

development of digital healthcare systems.

I. Current Status and Core Issues of China's
Digital Healthcare System

1.1 Divergence of Interests and Governance Dilemma
of “Three Medical Practitioners Synergy

China's public hospital-led healthcare system relies on a
multiple financing model of “government subsidies + health
insurance payments + patient out-of-pocket payments”,
leading to a conflict of goals among healthcare, health
insurance, and pharmaceuticals:

Conflict between health
supply:  Health

implemented  the  Diagnosis

insurance and healthcare

insurance authorities have
Related  Grouping

(DRG)/Disease Informed Payment (DIP) reform to control

service

healthcare costs, but healthcare organizations are still
influenced by the traditional mechanism of “supporting
doctors with medicines”, and still engage in excessive
examinations and medication use 1 below.

Data sharing barriers constrain industrial innovation:
pharmaceutical companies rely on clinical data from
healthcare organizations to carry out new drug R&D, but
due to ambiguous rules for patient privacy protection and the
lack of data confirmation mechanisms, cross-organizational
data sharing is inefficient, resulting in longer drug R&D
cycles [2].

The core of cracking the “three medical synergy”
dilemma lies in the digital transformation as a link, through
the innovation of organizational synergistic mechanism (e.g.,
multi-dimensional linkage of government, industry,
academia, research and medicine) and the reconfiguration of
economic resources (e.g., dynamic allocation of health
insurance funds, marketization of data elements), to
transform the three parties from “zero-sum game “ to “value
co-creation”, and ultimately realize the efficient allocation
and fair distribution of medical resources.

1.2 Structural bottlenecks in digital technology
empowerment

Although Internet hospitals, 5G remote diagnosis and
treatment and other application scenarios are rapidly landing,
their effectiveness release is limited by multiple policy and
technical constraints:

Uniformity of service scenarios: the current policy
limits Internet hospitals to providing only follow-up services,
and the incentives for doctors to practice across platforms
are insufficient, and the acceptance rate of the patient side is
only 32.7% [3].

Weak digital infrastructure at the grassroots level: less
than 60% of medical institutions in the county and below are
covered by information technology systems, making it
difficult to meet the requirements of DRG reform for
standardized medical record data collection and cost
accounting.

At the level of policy optimization, the scope of
Internet hospital services can be gradually broadened by
combining the characteristics of technological development
with the demand for medical safety, such as carrying out
online primary diagnosis and assessment pilots, and
formulating differentiated catalogs and pricing standards for

different diagnostic and treatment items, in order to balance
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medical safety and innovative development. In terms of the
construction of incentive mechanisms for doctors, the
“online service performance points” system can be
implemented, linking the workload of doctors participating
in telemedicine with the promotion of titles and the
distribution of bonuses, etc. Meanwhile, the “pay for the
value of services” model can be explored, rewarding
medical institutions that effectively reduce medical costs
with the help of technological means. At the same time,
explore the “pay for service value” model, rewarding
medical institutions that effectively reduce medical costs
through technological means, so as to enhance the
enthusiasm of doctors to participate in the application of
technology. To address the problem of weak infrastructure at
the grassroots level, a three-tier input mechanism of “central
financial subsidy + provincial coordination + county landing”
can be constructed, with priority given to promoting the
construction of regional medical data platforms, and
realizing real-time connectivity between the data of
grassroots medical institutions and higher-level hospitals by
relying on 5G, cloud computing and other technologies to
reduce the cost of grassroots informatization transformation
and enhance the level of grassroots digitization, breaking the
“technology application” barrier and reducing the cost of
medical services. This will reduce the cost of informatization
reform at the grassroots level, raise the grassroots level of
digitization, and break the vicious circle of “technological
applications need data support but the grassroots level lacks
the ability to collect data”.

1.3 Lagging policies, regulations and data governance

systems
types of
concrete data
shortcoming consequences
expression sources
s

Policies such | this has led to

as the confusion in
insufficient | Measures for | the
refinement the implementatio

S Reference
of policies Administratio | n of key 5
s

and n of Internet issues such as
regulations | Diagnosis and | the

Treatment qualification

and the of Internet

Healthcare
Data Security
Act lack
implementing
regulations,
and approval

standards are

hospitals and
the boundaries
of data
sharing,
restricting the
development

of

research data

sharing

drugs has
been extended
by 6-12

months

not cross-regional
standardized | business
across regions
the risk of
less than 40% | patient
of medical privacy
data is breaches is
encrypted highlighted by
when shared | an 18%
weak data ) )
across increase in Reference
security o
organizations, | healthcare s4
system
and access data breaches
rights nationwide in
management | 2023
vulnerabilitie | compared to
s are common | the previous
year
the cost of
acquiring
ownership, clinical data
use, and for
benefit of pharmaceutica
medical data | | companies
lack of data | are vaguely has increased
Reference
rights defined, and by 30%-50%, s
s
mechanisms | there is a lack | and the
of compliance | development
paths for cycle of new

Table .1.Analysis of Policy, Regulation and Data Governance Data
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The lag between policies, regulations and data

governance has become a core bottleneck in the
collaborative development of digital healthcare systems.
From the institutional level, the “Internet + healthcare”
policy system has not yet formed a full chain of rules
covering approval, regulation, and data circulation, resulting
in a “system vacuum” in local practice (e.g., the pricing
standards for remote diagnosis and treatment are not
uniform)2 below. At the technical level, the data security
protection capability does not match the business innovation
needs, and the risk of data leakage in primary care
organizations is 2.3 times higher than that in tertiary care
hospitals due to the lack of a professional IT team [4]. A
deeper contradiction lies in the lack of data factor
marketization mechanism - patients cannot effectively
control the use of personal medical data, and data
transactions between medical institutions and enterprises
lack legal and compliant circulation channels, which restricts

the release of the value of the digital healthcare industry

chain [5].
The above problems not only exacerbate the
institutional friction of “three medical institutions”

collaboration, but also make it difficult to give full play to
the universality of digital technology. For example, due to
unclear privacy protection rules, a provincial medical data
platform has only achieved 30% of the expected data
collection one year after its launch, and the collection of
standardized medical record data required for grassroots
DRG reform has come to a standstill [6]. Therefore,
improving policy rules, strengthening technical protection,
and constructing data rights and transaction mechanisms are
the key paths to break through the current governance

dilemma.

2.  Systematic  enhancement path  of
organizational optimization and economic
resource allocation

2.1 Reconstruction of collaborative governance

mechanism: building a multidimensional linkage ecology
Integrate the resources of multiple subjects through a
digital platform to form a data-driven collaborative network
(see Table 1 for typical cases):
In-depth integration of government, industry, academia,
research and medicine: Fujian Province built a medical

examination and test results sharing platform, realizing

mutual recognition of data in 243 hospitals, reducing the rate
of duplicate examinations by 25%, and saving more than
300 million yuan of health insurance funds annually 2 below;
1Pharmacy.com built a digitized supply chain platform,
connecting 300,000 pharmacies, 2,000 pharmaceutical
enterprises and 5,000 hospitals, and lowering the cost of
drug circulation by 40% compared with the traditional
model5 below.

Innovation in health insurance payment and supervision:
promoting DRG/DIP prepaid system, dynamically adjusting
disease grouping standards based on big data, and
establishing a regular feedback mechanism between medical
institutions and health insurance departments; Shandong Lu
Medical Chain platform realizes the flow of electronic
prescriptions, drug traceability, and penetrating auditing of
health insurance settlements through blockchain technology,
and reduces the number of cases of non-compliance with the

use of funds by 60% 2 below.

The main Technolo
Core
Case body of gy / Data
effectiven
Name | implementa | Mechanis sources
ess
tion ms
Mutual
recognitio
a n of data
Fujian
) among
Inspecti B )
Fujian Regional | 243
on and o ] ]
] Provincial medical hospitals,
Testing ] Author
) Health data with a
Sharing o
Commission | center 25%
Platfor )
reduction
m .
in
duplicate
test rates
Increased
Shandong ) )
Shando o Blockchai | efficiency
Provincial
ng Lu ] n of health | Referen
] Medical ]
Medica e-prescrib | insurance | ces 2
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by 15%
and
shortened
prescripti
on review
time to 30

seconds.

Lung
Cancer
Screening
Efficienc
yin

Remote

Tibet
Tibet 5G
Autonomous
5G ) Remote
Region

Areas Referen

Increased | ces 3
3-fold,
Reaching

500,000

Square

Pod CT

Diagnosti
People's
) ¢ System
Hospital

Farmers
and

Herders

Table .2 .Typical case study of collaborative governance in digital
healthcare

2.2 Empowering Primary Care: Technology Sinking
and System Integration

Through “technology sinking + system integration”, the
gap between urban and rural medical care is broken:

5G technology-driven resource sinking: the Tibet
deploys  5G

vehicle-mounted CT, which requires only one healthcare

Autonomous  Region square  cabin
worker to complete remote image acquisition and cloud
diagnosis, realizing the mode of “grassroots examination and
higher-level diagnosis” and covering 80% of the county area
3 below.

Standardized construction of informatization system:
Promote primary medical institutions' access to the regional
DRG data platform, unify the coding rules of medical
records and the caliber of cost accounting, and increase the
compliance rate of primary DRG data nationwide from 45%
in 2020 to 78% in 2024 3 below.

5G technology is used to promote the sinking of
resources and the standardization of information technology

systems, with typical cases (e.g., 5SG square cabin CT in

Tibet) and specific data support (improvement of grassroots
DRG compliance rate). This path directly hits the
shortcomings of primary resources, and the two-pronged
approach of technology and management is conducive to
narrowing the gap between urban and rural healthcare and
enhancing the universality of the digital healthcare system,
which is clear in logic and practical guidance.

2.3 Economic Resource Allocation:

Efficiency and Equity

Driven by

Establish a resource allocation system of “technology
infrastructure - data elements - fund management”:

Optimization of financial investment structure: in 2023,
the central financial investment in the infrastructure of
Internet hospitals will increase by 30%; Zhejiang's “One
Code”

booking and in-diagnosis payment functions, shortening the

settlement system will integrate pre-diagnosis
average consultation time of patients by 40 minutes 1 below;
the establishment of a special fund for digital transformation
of counties, and the completion of the IT system upgrading
of 2,000 township health hospitals in 2024. Setting up a
special fund for digital transformation in counties and
planning to complete the upgrading of the informatization
systems of 2,000 township health centers by 2024 4 below.

of health fund:

deploying Al health insurance audit system, refusing to pay

Refined management insurance
unreasonable costs of more than 20 billion yuan in 2023;
drawing on the experience of Sanming health reform, 30%
of the health insurance balance is used for the management
of chronic diseases and procurement of innovative
medicines, and the balance rate of the fund has been raised
from 5% to 12% 4 below.

Exploring the marketization of data elements: Shaw
Hospital has built a multi-center research platform based on
blockchain, realizing credible sharing of 100,000 cases of
clinical data and shortening the reporting cycle of scientific
research projects by 50% 5 below; and piloting the “data
wallet” model, in which patients can independently
authorize the use of their medical data for scientific research
or commercial purposes and obtain a share of the proceeds 4
below.

The allocation of economic resources should be
oriented to the balance between efficiency improvement and
fairness, and through the path of tilting the financial
investment to digital transformation, optimizing the use

structure of health insurance funds, and promoting the
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marketization of data elements, the scientific allocation of
funds, funds, data and other resources should be realized, so
as to not only improve the efficiency of medical services but
also narrow the gap between regional resources, and to
provide economic support for the sustainable development

of the digital healthcare system.

3. Key Challenges and Breakthrough Strategies
3.1 Data security and governance system shortcomings
Institutional level: accelerate the introduction of the

Regulations on Medical Data Security Management, clarify

data classification and categorization standards, cross-border

flow rules and responsibility definition, and fill the gaps in
policy rules 5 below.

Technical level: Promote technologies such as federated
learning and privacy computing to realize “data available but
not visible”, which has been applied in 15 provinces on a
pilot basis, and the data sharing compliance rate has been
increased to 85% 4 below.

Data security and governance is the bottom line
requirement for the development of digital healthcare.
Currently, the lack of policy rules and technical risks
co-exist, and it is necessary to improve the regulations to
clarify the rights and responsibilities of data, and to build a
strong security defense with privacy computing and other
technologies. In the future, it is necessary to promote the
synergistic innovation of system and technology to release
the value of elements while guaranteeing the compliant use
of data, so as to realize the dynamic balance between
security and development.

3.2 Difficulties of physician incentives and service
sustainability

Price and performance linkage: allow Internet diagnosis
and treatment programs to fluctuate 30%-50% on the basis
of the benchmark price, and 60% of the diagnosis and
treatment income is directly credited to the performance of
doctors; after the pilot of China-Japan Friendship Hospital,
the enthusiasm of doctors to participate in telemedicine has
increased by 75% 1 below6 below.

Career development and empowerment: the volume of
telemedicine services and the contribution of data sharing
are incorporated into the appraisal system for the promotion
of doctors' titles, so as to build a positive cycle of “technical

services - value return - career growth” [7].

Insufficient incentives for doctors constrain the
effectiveness of digital medical services. Existing policies on
Internet diagnosis and treatment pricing rigidity, career
development support is insufficient, the need to enhance the
economic returns through differentiated pricing, digital
services into the title assessment to enhance professional
identity. Constructing a dual mechanism of “material

incentives + developmental empowerment” is the key to

cracking the talent bottleneck and ensuring service
sustainability.

3.3 Challenges of Balanced Regional Resource
Allocation

Cloud platform resource sharing: Siemens Healthcare
5G virtual 700 hospitals,

cross-regional scheduling of CT, MRI and other equipment,

cockpit connects realizes
and shortens the booking cycle of high-end examinations at
the grassroots level by 60% 6 below.

Talent flexible mobility mechanism: Establishing
“cloud expert pool” and Al-assisted diagnosis system,
realizing real-time sinking of high-quality medical resources,
which now covers 80% of poverty-stricken counties, and
increasing the efficiency of diagnosis of difficult cases at the
grassroots level by 50% 7 below.

Regional resource imbalance exacerbates medical
injustice, and the technology gap and equipment mismatch
are the core obstacles. Relying on the cloud platform to
realize equipment sharing and Al to promote talent sinking
can break through the physical space limitations. In the
future, it is necessary to strengthen the inclusive attributes of
digital infrastructure, establish a new resource allocation
model of “technology mobility instead of personnel
mobility”, and narrow the gap between urban and rural

medical services.

Conclusion .

To improve the effectiveness of China's digital
healthcare system, it is necessary to break through the single
technology-driven model and build a three-dimensional
system of “problem diagnosis - path innovation - challenge
response”. By reshaping the collaborative governance
framework of the three medical institutions, strengthening
the digital capacity of the grassroots, and activating the
value of data elements, the efficiency and equity of medical
services can be realized. Future research needs to further

explore the in-depth coupling mechanism between digital
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technology and healthcare system reform, and provide a

“Chinese program” for global digital healthcare governance.
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by discussing the relationship between the application industry and the national economic system. By
systematically studying how low-carbon technologies affect the architecture and function of the national
economic system, this paper aims to propose strategies to further promote the development of
low-carbon technologies and provide a reference for achieving sustainable economic development.

INTRODUCTION

With the intensification of global warming and
ecological pressure, the importance of low-carbon
technology industry is becoming increasingly prominent.
Driven by global carbon reduction goals and environmental
protection policies of various countries, low-carbon
technologies have gradually become one of the key pillars of
economic development. The concept of low-carbon
technology is not limited to reducing emissions, but also
involves improving resource efficiency, reducing energy
consumption, developing new energy sources, and building
greener production and consumption patterns. Its
applications are widely used in energy, industry, construction,
transportation and other fields, and have a profound impact
on the operation mode and sustainable development path of
the national economy[1].

In recent years, the low-carbon technology industry
has gradually become an important part of the national
economic system, and its development is directly related to
the effectiveness of the green transformation of the economy

and the international competitiveness of the industry.

Countries have introduced policies to support the
development of low-carbon technologies and gradually
establish policy frameworks for a green economy to address
the global challenges posed by climate change. China's
Action Plan for Carbon Peaking and Carbon Neutrality
clearly states that it will achieve carbon peak by 2030 and
carbon neutrality by 2060, so as to achieve a balance
between economic growth and environmental protection and
contribute to the development of a global low-carbon
economy.

1. The relationship between the national
economic system and the industrial relationship
and the application of low-carbon technology
and sustainable development

Low-carbon technologies inject new impetus into
economic growth by promoting technological innovation,
industrial upgrading, and model innovation. The traditional
economic growth model with high energy consumption and
high emissions is no longer sustainable, and it must be
low-carbon. Low-carbon

transformed to green and

technologies promote sustainable economic and social
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development by optimizing the energy structure, reducing

1 below.

dependence on fossil fuels, and promoting fundamental

changes in the energy structure [2].

Low-carbon technologies play a vital role in tackling

global climate change and driving the transition to a green

economy. The goal is to achieve clean energy use, efficient

resource consumption, and continuous improvement of

environmental quality through innovative technologies. It

plays a significant role in improving environmental quality

and protecting ecosystems, mainly reflected in reducing

greenhouse gas emissions, reducing pollutant emissions, and

restoring the ecological environment [3], as shown in Table

Fields of

reference

Types of low-carbon

technologies

Traditional techniques

Results & Data

Energy sector

wind energy

Coal-fired power emits about

820 grams of carbon dioxide

Wind energy has almost no carbon

emissions.

rising concentrations of
greenhouse  gases in  the
atmosphere, contributing to

global warming.

Solar technology per kilowatt hour; Fossil fuels | Extremely low lifecycle carbon emissions:
produce large amounts of | solar power emits about 20 grams of
greenhouse gas and particulate | carbon dioxide per kilowatt hour;

Nuclear energy | matter pollution. (including | Virtually zero carbon emissions; High

technology sulphur  dioxide,  nitrogen | energy efficiency provides support for
oxides) low-carbon energy structure.

Industrial Cleaner  production | In traditional industrial | Significant reduction in air pollutant
production technologies (e.g. flue | production,  pollutants  are | emissions: For example, the adoption of
field gas  desulfurization, | emitted directly without | new sintering flue gas purification
denitrification treatment, causing air pollution | technology in China's steel industry has
technology) (such as acid rain). reduced sulphur dioxide emissions by
nearly 50%.
Ecological Carbon capture and | The large amount of carbon | Carbon dioxide is captured and stored
environment | storage (CCS) | dioxide directly emitted from | underground to prevent it from entering the
restoration technology industrial production leads to | atmosphere, effectively alleviating the

trend of increasing greenhouse gases.

Table .1. Analysis of the application of low-carbon technologies in various fields
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At present, the problems in the research on the
sustainable development of low-carbon technology industry
and national economic system are mainly manifested in the
insufficient investment in technology research and
development and the insufficient market driving force and
incentive mechanism, and the research and development of
low-carbon technology requires high capital and long-term
investment, but many countries and enterprises have limited
R&D funds and slow innovation speed. Small and
medium-sized enterprises, in particular, find it difficult to
afford R&D expenses due to lack of funds. In addition,
uncertainty about market returns has kept investors on the
sidelines, further hampering technological innovation. The
acceptance of low-carbon technologies in many traditional
industries is low, and enterprises believe that they are costly,
slow to achieve results, and are not willing to implement
them. At the same time, the lack of effective incentives in
the market makes it difficult for companies to obtain
economic returns, and consumers are more inclined to
traditional products with lower costs, which affects the
promotion of low-carbon technologies.

3. Suggestions for sustainable
development and low-carbon technologies to
improve the gross national economy

Through financial assistance and improved laws and
regulations, enterprises are encouraged to adopt low-carbon
technologies [4], and industrial upgrading and innovation are
promoted. It will also build an industry-university-research
cooperation platform to break through the bottleneck of core
technologies, and promote the application of emerging
technologies such as artificial intelligence and blockchain in
low-carbon fields. The government has reduced the cost of
low-carbon technology application through tax exemptions
and subsidies, and at the same time promoted the
development of the green consumer market and boosted
demand growth. Enterprises will inject new momentum into
economic growth by empowering the green transformation

of traditional industries, while focusing on the development

of emerging low-carbon industries such as green energy and

intelligent manufacturing.
CONCLUSION

The current development of the low-carbon
technology industry still faces problems such as insufficient
R&D investment, lack of talents, weak market driving force
and limited international cooperation, which limit its further
promotion and application. In order to achieve the
sustainable development of the national economic system, it
is necessary to inject new momentum into the low-carbon
technology industry through comprehensive measures such
as policy support [5], technological innovation, market
incentives, talent training and international cooperation, and
promote its deep integration with the traditional economy, so
as to increase the total economic value and build a green and
low-carbon future development pattern.
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