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Foreword

I extend my warmest wishes for a Happy and Prosperous New Year 2026. 
This edition of Asia-Pacific Tech Monitor explores the theme “Technologies for the Sustainable 

Use of Natural Resources.”  The Asia-Pacific region, endowed with diverse ecosystems and natural 
resources, is also confronting mounting pressures from climate change and rapid population growth. 
Challenges such as biodiversity loss and ecosystem degradation underscore the urgent need for 
sustainable resource management. The priority is to strive for a balance—fostering socio-economic 
growth while preserving ecological integrity for present and future generations.

Innovative and emerging technologies are pivotal in driving this transformation. Artificial intelligence 
and machine learning are revolutionizing environmental monitoring through real-time water qual-
ity analysis and satellite-based coastal mapping. Digital twins and living labs enable participatory 
governance by blending traditional knowledge with modern innovation, while blockchain enhances 
transparency in critical mineral supply chains. Smart tools—such as sensors, IoT platforms, mobile 
applications, and data-driven systems—are advancing local water management and nature-based 
solutions, collectively shaping community development.

However, significant barriers remain. Infrastructure gaps, limited technical capacity, governance 
challenges and financial constraints hinder the scaling of these solutions. With innovation, ena-
bling policies, inclusive governance, and coordinated regional action are essential—through stronger 
cooperation and stakeholder engagement, strategic investments in infrastructure, capacity-building 
initiatives, and frameworks that balance innovation with environmental and social safeguards.

Against this background, this edition features insightful articles on technological applications in water 
management, coastal monitoring, climate adaptation, hydrogen energy financing, critical mineral 
governance, and nature-based solutions. Each contribution is enriched with real-world examples from 
across the region, offering readers a comprehensive perspective on technology’s transformative role 
in sustainable use and management of natural resources.

In the year ahead, we reaffirm our commitment to strengthening collaboration and delivering timely 
insights, emerging trends, and feature articles on technology cooperation and transfer. Through the 
Tech Monitor and its diverse thematic focus, we strive to work together to harness technology and 
cooperation for a resilient and sustainable future for the Asia Pacific region.

Preeti Soni
Head, APCTT
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Technology Market Scan

ASIA-PACIFIC

CHINA

R&D spending reports 
steady growth in 2024
China’s research and development 
(R&D) expenditure rose 8.9 percent year-
on-year to more than 3.6 trillion yuan 
(about $506.41 billion) last year, as per 
the National Bureau of Statistics. Over 
the 2021-2024 period, the country’s R&D 
spending rose at an average annual rate 
of 10.5 percent — one of the fastest pac-
es among major economies — making 
China the world’s second-largest R&D 
investor, said Zhang Qilong, an NBS se-
nior statistician.

R&D intensity, which looks at expenditure 
as a share of GDP, edged up 0.11 per-
centage points to 2.69 percent last year. 
In 2024, China’s spending on basic re-
search, applied research, and experimen-
tal development grew by 10.7 percent, 
17.6 percent, and 7.6 percent, respec-
tively, compared with the previous year.

Enterprises have accounted for more 
than 75 percent of the country’s total R&D 
spending for many years running, and 
their contribution to the overall increase 
in such spending reached 77.1 percent, 
cementing their role as the main engine 
of China’s R&D spending expansion.

https://www.chinadaily.com.cn/

INDIA

State Mining Readiness 
Index (SMRI) 2025
The Ministry of Mines on Thursday re-
leased the State Mining Readiness Index 
(SMRI) along with state rankings. The 
index for tracking how well states are 
performing in facilitating mining activi-
ty and implementing reforms. The move 
also fulfils an announcement made in 
the Union Budget 2025-26.

The index assesses states across sev-
eral indicators, such as auction perfor-
mance, early mine operationalisation, 

exploration focus, and sustainable 
mining practices for non-coal minerals. 
These parameters are to measure readi-
ness, efficiency, and the overall progress 
of states in the mining sector.

Under the SMRI, States have been divid-
ed into three categories based on their 
level of mineral endowment.

	� In Category A, which includes min-
eral-rich states, Madhya Pradesh, 
Rajasthan, and Gujarat have secured 
the top three ranks.

	� In Category B, Goa, Uttar Pradesh, and 
Assam are the leading performers.

	� In Category C, Punjab, Uttarakhand, 
and Tripura hold the top positions.

This classification allows comparison 
among states with similar geological ca-
pacities rather than absolute rankings.

The Ministry stated that the index is 
meant to act as a benchmarking tool to 
measure performance across states. It 
aims to encourage competition among 
them and identify areas needing policy 
attention. The framework is also expect-
ed to help the government assess the 
impact of mining-related initiatives and 
reforms at the state level.

The release of the SMRI is part of the 
Centre’s plan to improve governance 
and bring uniformity in how mining op-
erations are monitored and managed 
across India. By linking rankings with 
measurable outcomes, the Ministry 
hopes to promote a more structured 
and transparent system for resource 
development.

The index provides a single reference 
point for tracking state performance in 
the mining sector. It is intended to pro-
mote accountability and help strength-
en the overall framework of mineral gov-
ernance in India.

https://www.angelone.in/

INDONESIA 

Waste-to-energy technology 
The Government of Indonesia offi-
cially launched a new milestone in 

national waste management through 
the issuance of Presidential Regulation 
(Perpres) Number 109 of 2025 con-
cerning Urban Waste Handling through 
Waste Processing into Renewable 
Energy Based on Environmentally 
Friendly Technology.

This policy marks a major change in the 
direction of national environmental and 
energy development towards a modern, 
efficient, and sustainable waste man-
agement system. The regulation is an 
answer to the national waste emergen-
cy, which has been a source of pollu-
tion, environmental damage, and pub-
lic health threats.

Minister of the Environment/Head of the 
Environmental Control Agency (KLH/
BPLH), Hanif Faisol Nurofiq, said that 
through this Presidential Regulation, the 
government emphasises that waste is 
no longer just an environmental burden, 
but a renewable energy resource that 
can be processed into electricity, biogas, 
biofuel, renewable fuel oil, and various 
other derivative products with environ-
mentally friendly technology.

“Handling waste into renewable ener-
gy is a real step towards transforming 
the national waste management sys-
tem based on environmentally friend-
ly technology. We want to ensure that 
waste generation in the regions can be 
processed in accordance with good en-
vironmental rules and the energy pro-
duced can be used as part of clean 
energy, so that what enters the Final 
Processing Site (TPA) later is only resi-
due,” said Hanif. 

Hanif said that Presidential Regulation 
109/2025 brought a number of import-
ant improvements compared to the 
previous policy, Presidential Regulation 
Number 35 of 2018.

First, if the previous regulation focused 
on accelerating the construction of 
Waste Power Plants (PLTSa) in 12 pri-
ority locations, this new regulation ex-
pands the target to all regions that meet 
the criteria according to the regulations.

Second, this Presidential Regulation 
emphasises the government’s role in 
the development of Waste Processors 

https://www.chinadaily.com.cn/a/202509/29/WS68da7b63a310f735438b3041.html
https://www.angelone.in
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into Electric Energy (PSEL), including in-
vestment support and the selection of 
PSEL Development and Management 
Business Entities (PSEL).

Third, the government introduced a 
breakthrough in accelerating licensing 
and funding mechanisms so that proj-
ects run more efficiently and sustainably.

Fourth, this Presidential Regulation also 
provides a guarantee of investment cer-
tainty through the determination of a 
fixed electricity tariff of USD 0.20 per 
kWh for 30 years, as well as the obliga-
tion of PT PLN to buy electricity from 
processed waste. The scheme is ex-
pected to attract investors, strengthen 
the sustainability of the project, and po-
sition PSEL as an important part of the 
national clean energy transition.

Fifth, local governments are obliged to 
prepare land and ensure that the supply 
and transportation of waste to PSEL fa-
cilities run sustainably.

Through cross-ministerial collabora-
tion, green investment support, and 
active participation of local govern-
ments, we are setting a new direction 
towards a clean, healthy, and sustain-
able Indonesia

The government targets the implemen-
tation of this Presidential Regulation to 
be focused on metropolitan cities and 
big cities with daily waste generation 
above 1,000 tons, as well as landfills 
that have exceeded capacity or are lim-
ited in land.

The technology used is expected to be 
able to significantly reduce the volume 
of waste while producing clean energy 
to support national energy needs and 
the Net Zero Emission 2060 target.

https://wartaekonomi.co.id/ 

JAPAN

First national AI strategy
Japan is preparing its first national AI ba-
sic plan to boost AI adoption in public in-
stitutions and beyond. The draft sets out 
four core policies to balance innovation 
with risk management, with final Cabinet 
approval expected later this year. The 
plan targets low AI usage rates in the 
country, around 20% for individuals and 
50% for corporations. Policies include 

accelerating AI adoption, strengthen-
ing development capacity, leading in 
AI governance, and fostering continu-
ous social transformation toward an AI-
integrated society. Government bodies 
and municipalities are expected to lead 
by example, improving efficiency and en-
hancing defence capabilities.

High-quality data, a key factor in AI ac-
curacy, is a national strength. The plan 
stresses the importance of human-AI 
collaboration, calls for robust copyright 
and liability frameworks, and identifies 
risks such as errors, disinformation, and 
threats to national security. Authorities 
plan thorough investigations of rights in-
fringements and aim to help shape in-
ternational AI rules.

The draft will be presented at the AI 
strategy headquarters meeting, chaired 
by Prime Minister Shigeru Ishiba, before 
being refined by an expert panel and fi-
nalised within the year.

https://dig.watch/

MALAYSIA

Measures to support high 
value sectors
Malaysia has announced several mea-
sures under its Budget 2026 to support 
high value sectors, including investing 
MYR 550 million ($130 million) in the 
semiconductor ecosystem. Under the 
National Semiconductor Strategy (NSS), 
Bank Pembangunan Malaysia Berhad 
(BPMB) will provide MYR 500 million in 
soft loans to support high-value-added 
activities such as research and develop-
ment (R&D), especially by local compa-
nies that support the electrical and elec-
tronics (E&E) ecosystem.

Meanwhile, a total of MYR 200 million 
($47.35 million) under the Strategic 
CoInvestment Fund (CoSIF) will pro-
vide matching grants to small and medi-
um-sized enterprises (SMEs) and mid-ti-
er companies that strengthen the supply 
chains of key sectors, through Equity 
Crowdfunding (ECF) and Peer-to-Peer 
(P2P) financing platforms.

An allocation of MYR 180 million 
($42.61 million) under the NIMP 
Industry Development Fund (NIDF) to fi-
nance industry development programs 

in high-impact sectors such as phar-
maceutical, semiconductor, artificial 
intelligence (AI), digital and sustain-
ability. It was also highlighted that gov-
ernment-linked investment companies 
(GLICs) will continue to catalyse domes-
tic investment.

Under GEAR-uP, GLICs will increase their 
domestic investment to MYR 30 billion 
($7.1 billion), up from MYR 25 billion 
($5.92 billion) this year. KWAP will pro-
vide MRY 1.2 billion ($280 million) un-
der Dana Pemacu to undertake co-in-
vestments with private fund managers 
(co-GP) to finance emerging companies 
or markets in sectors, such as energy 
transition, food security and the digi-
tal economy.

Under Khazanah’s Mid-Tier Company 
Program, MYR 250 million ($59.19 mil-
lion) is provided to strengthen the ca-
pacity of mid-tier companies. It is noted 
that start-ups have contributed MYR 1 
billion ($240 million) to gross domestic 
product (GDP) and generated 82 thou-
sand job opportunities.

It is noted that in line with the aspira-
tions of the Malaysia Venture Capital 
Roadmap, KWAPs’ Dana Perintis and 
Khazanah’s Jelawang Capital have in-
creased their investments to MYR 750 
million ($178 million) from MYR 550 mil-
lion ($130 million).

The government also proposes to im-
prove the existing Venture Capital Tax 
Incentive through special tax rates and 
dividend tax rates for ten years. Since its 
introduction, MyCIF has attracted over 
MYR 6 billion ($1.42 billion) in ECF and 
P2P capital into micro, small, and me-
dium-sized Enterprises (MSMEs), nur-
turing local companies to expand their 
footprint globally.

For agri-entrepreneurs, he said Agrobank 
will provide MYR 1.1 billion ($260 mil-
lion) in financing for entrepreneurs to 
grow their businesses and support auto-
mation and mechanisation in agricultur-
al projects. KPKM NextGen Agropreneur 
Program will also provide start-up grants 
and agricultural project development 
grants with a fund of MYR 20 million 
($4.73 million), he added.

To encourage automation for high-
er crop productivity, the government 
also proposes the Agricultural Sector 
Automation Incentive for crops, 

https://wartaekonomi.co.id/%20
https://asianews.network/japanese-governments-ai-basic-plan-to-promote-use-of-ai-in-public-institutions/
https://asianews.network/japanese-governments-ai-basic-plan-to-promote-use-of-ai-in-public-institutions/
https://dig.watch/updates/ai-adoption-drops-at-large-us-companies-for-the-first-time-since-2023
https://dig.watch/
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livestock, apiculture, aquaculture and 
deep-sea fishing to include selected 
livestock through closed-house farming.

https://technode.global/

MONGOLIA

Critical minerals policy and 
strategic development
The draft law to support critical miner-
al projects introduces the principle that 
the Government will approve the list of 
critical minerals. Professional institu-
tions will conduct studies to determine 
which minerals in Mongolia are in global 
demand yet undersupplied, and how to 
attract investment into those deposits. 
The draft also outlines how Mongolian 
citizens will benefit once such deposits 
are developed, investments are made, 
and extraction begins.

Currently, Mongolia’s legal framework 
does not define the “benefits” of the 
mining sector. We tend to view benefits 
only in economic terms — for example, 
by focusing on the percentage of royal-
ties and their distribution. Yet, beyond 
that, there is the concept of social ben-
efit in its classical sense. The number 
of professionals trained and employed 
through a project affects not only the 
employees themselves but also their 
families and the local economy. Building 
schools, kindergartens, and infrastruc-
ture in mining communities should like-
wise be considered social benefits.

If the benefits of resource use are clearly 
defined, it would enable broader discus-
sions with investors and project imple-
menters. Hence, the draft law attempts 
to clarify what constitutes the “bene-
fit” of a mining project — and many pro-
posals have already been submitted. In 
short, laws should be clear, intelligent, 
and adaptable — but always under the 
guiding principle of sound reasoning.

Another key issue is defining the “im-
pact area”. Project implementers of-
ten compensate households affected 
by mining operations. However, current 
laws provide no clear definition of what 
an impact zone is or who qualifies as 
an impacted resident. This draft seeks 
to establish such a definition. If agreed 
upon through thorough consultation, 
this would make future negotiations 

more effective and transparent. The 
draft also aligns with other laws to pre-
vent legal conflicts. The new draft ad-
dresses this by introducing coordinated 
amendments to the Law on Land.

Another conceptual area concerns “re-
source taxation”. In mining, projects typ-
ically recover their initial investment be-
fore generating profit — a process that 
can take years. For example, Mongolia 
has not yet received profit from Oyu 
Tolgoi, and may not until 2039. Despite 
this, the government committed to hold-
ing a 34% stake, which also requires ad-
ditional investment as the project ex-
pands. Instead of maintaining such 
obligations, it would be more efficient 
to collect a fixed tax from sales reve-
nue, directing it straight to the National 
Wealth Fund. 

https://en.mininginsight.mn/ 

NEW ZEALAND

Crown Minerals Amendment 
Act 2025
The Crown Minerals Amendment Act 
2025 was enacted on 5 August 2025. 
The Act removes the ban on new oil 
and gas exploration beyond onshore 
Taranaki and signals the Government’s 
intent to reinvigorate investment in pe-
troleum exploration.

The Act amends the decommission-
ing regime to provide an appropriate 
balance between minimising risk to 
the Crown and the need to increase in-
vestment confidence, by introducing 
Ministerial discretion to assign liability 
to former permit holders or those who 
held an interest in a permit.

The Act also makes other changes to 
the Crown Minerals Act 1991, including:

	� Changing the purpose of the Act 
from ‘manage’ to ‘promote’ prospect-
ing for, exploration for, and mining of 
Crown-owned minerals for the bene-
fit of New Zealand.

	� Introducing the ability for the Minister 
for Resources to issue a Government 
Policy Statement on petroleum 
and minerals.

	� Allowing for new methods to allocate 
petroleum permits.

	� Providing greater flexibility under 
the existing exemption and defer-
ral powers for decommissioning to 
consider exemptions for either the 
whole or parts of particular items of 
infrastructure.

	� Providing greater flexibility and clari-
ty around what types of financial se-
curities may be accepted.

	� Extending the confidentiality peri-
od for speculative prospectors who 
were impacted by the ban.

	� Introducing a new Tier 3 permit cat-
egory for small-scale, non-commer-
cial gold mining.

https://www.mbie.govt.nz/ 

REPUBLIC OF KOREA

AI infrastructure 
development
The Republic of Korea is  accelerat-
ing its AI development through a ma-
jor partnership with NVIDIA, deploying 
over 260,000 GPUs across government, 
cloud providers, and industrial leaders. 
The Ministry of Science and ICT is in-
vesting in sovereign AI infrastructure, 
while companies, including Samsung, 
SK Group, Hyundai, and NAVER Cloud, 
are building AI factories and expanding 
GPU capacity to support physical and 
enterprise AI workloads. The initiative 
seeks to boost innovation in manufac-
turing, automotive, and telecoms, sup-
porting large-scale AI model training, 
validation, and deployment.

The Republic of Korea’s organisations 
are developing sovereign large language 
models through public-private partner-
ships with LG AI Research, SK Telecom, 
NC AI, Upstage, and NVIDIA. The infra-
structure will allow start-ups, research-
ers, and enterprises to access high-per-
formance computing for AI applications 
and industrial digital twins.

The Republic of Korea is also ad-
vancing AI-enabled quantum comput-
ing and scientific research. The Korea 
Institute of Science and Technology 
Information (KISTI) is creating a Centre 
of Excellence using NVIDIA super-
computers, NVQLink for quantum pro-
cessors, and PhysicsNeMo for phys-
ics-based AI models.

https://technode.global/2025/10/13/malaysia-announces-measures-to-support-high-value-sectors/
https://en.mininginsight.mn/%20
https://www.mbie.govt.nz/%20
https://nvidianews.nvidia.com/news/south-korea-ai-infrastructure
https://nvidianews.nvidia.com/news/south-korea-ai-infrastructure
https://dig.watch/updates/samsung-and-softbank-team-up-on-ai-ran-for-next-gen-telecom
https://dig.watch/updates/google-research-applies-ai-across-cancer-quantum-computing-and-earth-science
https://dig.watch/updates/google-research-applies-ai-across-cancer-quantum-computing-and-earth-science
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The goal is to strengthen research col-
laboration, AI innovation, and economic 
growth. Start-ups gain support through 
NVIDIA Inception and N-Up AI programs, 
accessing computing infrastructure, AI 
tools, and investment guidance to speed 
growth and industrial AI adoption.

https://dig.watch/

SINGAPORE

Water technology research 
The Government has allocated $220 
million under the Research, Innovation 
and Enterprise 2025 (RIE2025) Urban 
Solutions & Sustainability (USS) domain 
to drive new initiatives in water technolo-
gies and resource circularity. This draws 
from the National Research Fund, un-
der the five-year RIE2025 tranche. These 
initiatives will help the country achieve 
the Singapore Green Plan 2030 targets 
while optimising limited resources.

Of this, the National Environment 
Agency (NEA) will administer a new 
$80 million Closing the Resource Loop 
(CTRL) Funding Initiative that supports 
the Green Plan and the Zero Waste 
Masterplan. The funding will support 
research and development (R&D) on 
sustainable resource recovery solu-
tions for key waste streams such as 
e-waste, plastics and food, and finding 
useful and safe applications for treated 
waste residues.​​

The new $80 million CTRL Funding 
Initiative will build upon the R&D work 
carried out under the earlier Waste-
to-Energy (WtE) programme and the 
Closing the Waste Loop (CTWL) Funding 
Initiative. CTRL will contribute to the 
country’s efforts to pursue a circu-
lar economy approach under the Zero 
Waste Masterplan to achieve a sustain-
able, resource-efficient, and climate-re-
silient Singapore.

Another $87 million has been allocat-
ed to support R&D efforts in three water 
technology focus areas: (i) Desalination 
and Water Reuse; ii) Used Water 
Treatment; and iii) Waste Reduction 
and Resource Recovery under the 
RIE2025. The funding will go towards 
supporting the Nanyang Environment 
and Water Research Institute (NEWRI) 
and Separation Technologies Applied 

Research and Translation (START) 
under the Centre of Excellence 
(CoE) Programme. These Centres of 
Excellence have amassed considerable 
capabilities in R&D, attracting talent and 
investments from all over the world, and 
enriching Singapore’s water industry.

The investments in these Centres of 
Excellence will go towards developing 
high-impact solutions for Singapore’s 
national water needs. It will also be an 
economic multiplier and will spur private 
sector R&D spending, job creation and 
technology spin-offs in the water indus-
try and adjacent sectors. 

In RIE2025, PUB will require START to 
build on its existing achievements and 
deepen its expertise in separate tech-
nologies for desalination through the 
design and operation of a Desalination 
Integrated Validation Plant (IVP). The 
IVP will integrate the most promising 
technologies, configure and optimise 
them at the system level to validate if 
lower energy consumption and supe-
rior performance can be achieved. If 
successful, the IVP will reduce the sys-
tem-level energy consumption of desali-
nation to < 2kWh/m3, taking PUB one 
step closer to attaining net-zero carbon 
emissions by mid-century.

https://gwf-wasser.de/ 

SRI LANKA

Green Energy Acceleration 
Plan 2025-2030
The launch of the five-year renew-
able energy development plan, “ Green 
Energy Acceleration Plan 2025-2030”, 
was presented by the Ministry of Energy, 
under the patronage of Prime Minister 
Dr Harini Amarasuriya. The plan outlines 
key strategies for identifying and imple-
menting renewable energy methods and 
digital innovations, ensuring their effi-
cient and environmentally sustainable 
use. It also highlights the economic ben-
efits of renewable energy and its poten-
tial to strengthen the country’s financial 
stability.

Prime Minister Dr Harini Amarasuriya stat-
ed, “The Ceylon Electricity Board and the 
Sri Lanka Sustainable Energy Authority 
have taken the lead in steering Sri Lanka 
towards sustainable energy solutions.”

The Ministry of Energy has introduced a 
valuable five-year action plan, the Green 
Energy Acceleration Plan 2025-2030. 
This initiative will promote sustainable 
energy consumption, identify renewable 
energy sources, and provide a compre-
hensive understanding of energy con-
servation and storage methods.

The primary objective of this plan is to 
reduce electricity demand and lower the 
initial cost of electricity in Sri Lanka by 
identifying and promoting the use of re-
newable energy sources. The goal is to 
expand renewable energy production 
over the next five years and provide af-
fordable electricity to all Sri Lankans.

The aim to reform energy acts in three 
key areas: Ensure the provision of af-
fordable and reliable energy through 
renewable sources such as solar, wind, 
and hydropower while minimising car-
bon emissions; Educating the public on 
the significance of renewable energy 
and digital technologies and their role in 
accessing modern and reliable energy; 
and introducing advanced energy con-
version methods to modernise the ener-
gy sector, aligning Sri Lanka with global 
advancements in the field.

It encompasses various aspects, includ-
ing the identification and development 
of energy sources, public awareness 
initiatives, implementation timelines, 
allocated funding, and necessary le-
gal frameworks. To ensure the suc-
cess of this project, it is essential to 
leverage both local and international 
partnerships. 

https://www.news.lk/

THAILAND 

First climate change act 
approved
Thailand’s first Climate Change Act sets 
up national oversight, carbon pricing, an 
ETS, carbon tax, climate fund, and strict 
reporting rules to drive the country to-
ward Net Zero. Thailand has taken a 
historic step by introducing its first-ev-
er Climate Change Act, a landmark law 
set to transform the country’s econom-
ic and environmental systems. 

The Cabinet approved the principles of 
the Climate Change Act on December 

https://dig.watch/
https://gwf-wasser.de/glossary/mdma/
https://gwf-wasser.de/%20
https://www.news.lk/
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2, 2025, making it Thailand’s first mas-
ter law on climate governance. It estab-
lishes a national framework for manag-
ing greenhouse gas emissions, fulfilling 
commitments under the United Nations 
Framework Convention on Climate 
Change (UNFCCC) and driving Thailand 
toward the goals of carbon neutrality 
(Net Zero) and net-zero emissions.

1) Four national-level governance bod-
ies established

The legislation mandates the creation 
of four major committees:

1.	 National Climate Change Policy 
Committee,

2.	 Climate Fund Committee,
3.	 Climate Fund Evaluation Com-

mittee, and 
4.	 Greenhouse Gas Management Or-

ganisation 

The Climate fund will collect revenue 
from carbon-related mechanisms — 
such as carbon taxes, fees, and carbon 
credit trading — and allocate it to clean 
energy investment, community adapta-
tion projects, and greenhouse gas re-
duction programmes. Public and pri-
vate sectors will be required to collect 
and report emissions, carbon sinks, and 
net reductions. A national greenhouse 
gas registry will be established to en-
sure transparency.

The Act requires a national master plan 
and action plans to ensure unified cli-
mate targets across all ministries and 
agencies, with short-, medium-, and 
long-term emission reduction path-
ways. The law lays the foundation for 
a Thai ETS, enabling businesses to buy, 
sell, transfer, and hold allowances for 
greenhouse gas emissions. A national 
registry and allocation rules will govern 
the system.

The Act accommodates CBAM mea-
sures, meaning imported goods may 
face carbon charges based on emis-
sions from their countries of origin — 
aligning Thailand with emerging in-
ternational standards. The draft law 
introduces a carbon tax for products 
or activities with significant emissions 
— a key instrument enforcing the pol-
luter pays principle. Certified domes-
tic carbon credits will be recognised 
as legal property. They can be bought, 
sold, transferred, or used to offset 

emissions, with mandatory registration 
under the Greenhouse Gas Management 
Organisation.

Beyond mitigation, the Act requires na-
tional, provincial, and local adaptation 
plans to address climate risks, such as 
floods, droughts, and extreme weather, 
which will be supported by government 
resources.

https://www.nationthailand.com/ 

UZBEKISTAN

Tax-free zone for AI and 
data centre projects
Uzbekistan offers tax breaks, cheap 
electricity, and renewable-energy 
support, with most sites planned in 
Karakalpakstan to help build the coun-
try’s AI ecosystem by 2030. Uzbekistan 
has announced a major package of in-
centives to attract more than €85 mil-
lion in foreign investment into artificial 
intelligence (AI) and data infrastructure.

The programme, introduced by presiden-
tial decree, aims to position the far-west-
ern Karakalpakstan region as a site for 
large data centres and high-tech proj-
ects, backed by generous tax incentives 
and government-supported infrastruc-
ture development.

Investors will receive significant tax 
breaks and access to low-cost electric-
ity, while companies will be required to 
invest their own capital and adopt ener-
gy-efficient solutions, including renew-
able power and battery storage.

Ongoing upgrades to the country’s fi-
bre-optic networks and telecom infra-
structure are gradually improving the 
country’s digital capacity, according to 
assessments by Uzbekistan’s Ministry 
of Digital Technologies and a UNDP 
study on Uzbekistan’s digital econo-
my. These developments, combined 
with relatively low operating costs and 
Uzbekistan’s position between larg-
er Eurasian markets, make the coun-
try a potential practical location for da-
ta-centre and compute operations for 
firms looking to broaden their geograph-
ic footprint.

Karakalpakstan is an autonomous re-
gion in Uzbekistan’s northwest and one 
of the areas most affected by the Aral 

Sea crisis. The Aral Sea, once among 
the world’s largest inland lakes, began 
shrinking in the 1960s after large-scale 
irrigation projects diverted the rivers 
that fed it. The government’s decision 
to anchor high-tech and AI-related proj-
ects in the region is seen as an attempt 
to offset these long-term challenges by 
fostering new industries, attracting in-
vestment, and creating a more resilient 
economic base.

According to Kamola Sobirova, Advisor 
to the Minister of Digital Technologies, 
the region offers a rare combination 
of energy availability, climate condi-
tions, and land resources needed for 
large-scale data and AI infrastructure. 
Cooling systems can account for up to 
70 per cent of a data centre’s power con-
sumption, she noted, and the region’s 
position within the north-western part 
of the national power grid — where elec-
tricity production exceeds consumption 
by roughly 10–15 per cent — ensures a 
more stable supply environment.

Although traditional data centres often 
rely on large volumes of water for cool-
ing, projects planned in Karakalpakstan 
are expected to adopt low-water or wa-
ter-free cooling solutions, given the re-
gion’s well-documented water scarcity 
and the emphasis on energy-efficient 
technologies in recent investment an-
nouncements. The area’s relatively cool 
climate, with an average annual tem-
perature of 12 to 14°C, also enables the 
use of natural “free cooling,” reducing 
dependence on water-based systems.

The initiative is also expected to drive 
socio-economic development by creat-
ing skilled jobs, attracting investment 
into IT and digital services, and stimulat-
ing the growth of supporting industries, 
such as logistics, cooling systems, and 
equipment maintenance.

https://www.euronews.com/

VIET NAM

New law strengthens 
technology transfer
The National Assembly passed the 
amended Law on Technology Transfer, 
marking an effort to refine the legal 
framework, encourage innovation, en-
hance enterprises’ capacity to absorb 

https://www.nationthailand.com/%20
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new technologies, and create further 
advancements for technology transfer, 
in line with the Party’s guidelines and 
state policies.

One of the key highlights of the law is 
the addition of clear definitions of green 
technology and contactless technology 
transfer, a form of transfer through elec-
tronic or digital environments, reflecting 
the strong development of digital trans-
formation and online technology coop-
eration models.

The law introduces many new priority 
policies: particularly encouraging the 
transfer of high technology, strategic 
technology, advanced technology, green 
technology, and clean technology from 
abroad to Vietnam; promoting the diffu-
sion of technology from foreign-invested 
enterprises (FIEs) to domestic enterpris-
es; and strongly supporting technology 
transfer activities in disadvantaged ar-
eas, mountainous regions, islands, and 
in the agricultural and rural sectors.

The law emphasises investment, tax, 
land, and credit incentives for FIEs’ proj-
ects that involve technology transfer, 

human resource training, or the devel-
opment of research, design, and manu-
facturing capabilities in Vietnam.

To create flexibility and reduce risks 
when businesses adopt new technol-
ogies, the amended Law on Technology 
Transfer introduces three mechanisms 
for the first time: temporary technolo-
gy transfer, allowing testing within a de-
fined scope and timeframe to assess 
suitability before widespread invest-
ment; results-based technology trans-
fer: the value and obligations between 
parties are established based on the 
ability to meet technical, economic, 
and environmental criteria; and con-
trolled testing in technology transfer 
activities, consistent with the sandbox 
model currently applied in many inno-
vation fields.

To improve management efficiency, the 
law adds regulations such as tighten-
ing the technology assessment pro-
cess in investment projects, espe-
cially for technologies with restricted 
transfer or those posing a risk of ad-
verse environmental impact; clearly de-
fining the responsibilities of provincial 

People’s Committees in receiving, as-
sessing, and licensing technology trans-
fer; strengthening inspection, supervi-
sion, and evaluation of the effectiveness 
of technology transfer using state bud-
get funds; and encouraging the public 
disclosure of technology transfer infor-
mation on the national digital platform 
for science, technology, and innovation 
management.

Regarding support for businesses and 
promoting the commercialisation of 
research results, the law has many 
support policies such as supporting 
businesses in technological innova-
tion through the National Technology 
Innovation Fund and the system of sci-
ence and technology funds; the state 
investing in the development of a net-
work of innovation centres, start-up 
support centres, and intermediary or-
ganisations of the sci-tech market; 
and allowing the state to purchase and 
disseminate technology for national 
defence, security, or public purposes.

The law will take effect from April 1, 2026.

https://vir.com.vn/ 

https://vir.com.vn/%20
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ASIA-PACIFIC

AUSTRALIA 

Spatial digital twin
Five years since its launch, the NSW 
Spatial Digital Twin (SDT) continues to 
prove its worth as a transformative plat-
form for government planning. The NSW 
Spatial Digital Twin has evolved into a 
robust ecosystem supporting a growing 
number of use cases across sectors, in-
cluding education, infrastructure devel-
opment, housing supply, emergency re-
sponse and local government.

The value of the digital twin is not just 
about the technology itself but about 
unlocking the value of the State’s data. 
An example of this is the release of 
the NSW Land Subdivision Pipeline into 
the Spatial Digital Twin, providing a for-
ward view of new land development. 
This data empowers planners, devel-
opers and councils planning for com-
munities and demand for infrastruc-
ture. It also informs the community of 
what neighbourhoods will look like in 
the future. It has been significant in sup-
porting housing supply, unlocking new 
land, and finding efficiencies in the plan-
ning process.

One of the greatest benefits of the 
Spatial Digital Twin has been the abil-
ity to fully customise it to suit different 
needs across government. The NSW 
Department of Education leveraged a 
fully customised version of the Spatial 
Digital Twin to manage its school assets 
across the state. The tool allows them to 
manage their current assets and com-
plete a rapid, early assessment of sites 
suitable for development, unlocking sig-
nificant value.

Land information is not just about 
planning and development. During re-
cent flooding events in NSW, the Spatial 
Digital Twin was used to identify land 
suitable for temporary housing and 
streamline the process for activating it. 
This provided much-needed relief for the 
impacted community.

https://www.spatialwa.wa.gov.au/

CHINA 

Intelligent mining 
technology 
The mining sector is currently witness-
ing a digital transformation as mine op-
erators embrace autonomous vehicles, 
AI-driven monitoring systems, robotics 
and smart drill rigs, as well as more en-
vironmentally responsible practices, 
aimed at enhancing efficiency and safe-
ty. A major focus is on sustainable re-
source extraction and decarbonisation, 
with firms investing in technologies to 
lower emissions, manage water, and re-
habilitate mined land, with several coun-
tries leading a global shift towards more 
intelligent and responsible mining.

As both the world’s largest producer 
and consumer of coal, in recent years, 
China has made remarkable progress 
in upgrading its mining sector, with in-
telligent production capacity now rep-
resenting more than 50% of total coal 
output. The number of mines adopt-
ing intelligent systems has increased 
significantly, and China now leads the 
world in the deployment of technologies, 
such as 5G-enabled industrial internet, 
autonomous vehicles and digital man-
agement platforms.

Underpinned by robust policy support 
from the Chinese authorities, this trans-
formation promotes intelligent, safe, 
and sustainable mining. New regula-
tions mandate the adoption of advanced 
technologies to protect workers and re-
duce risks, with environmental sus-
tainability a key priority. For example, 
autonomous trucks and drills are en-
abling continuous, round-the-clock oper-
ations, reducing the need for personnel 
to work in hazardous conditions, while 
AI-powered predictive maintenance sys-
tems are helping to prevent equipment 
failures, minimising costly downtime 
and ensuring more reliable, efficient min-
ing operations.

A pivotal player of this evolution is tech-
nology pioneer Huawei, whose innova-
tive solutions are helping to address 
mining’s most pressing challenges. Its 
5G-Advanced (5G-A) networks deliver 

the high-speed, low-latency connectivi-
ty required for real-time data exchange 
between autonomous trucks, drills, and 
central control systems. This connec-
tivity enables 24/7 operations, signifi-
cantly boosting productivity while min-
imising human exposure to hazardous 
environments.

Huawei’s AI-driven platforms are also 
transforming mine management, with 
predictive maintenance and cloud-based 
management systems enabling seam-
less coordination of complex mining 
processes. Huawei’s autonomous ve-
hicle solutions, such as those deployed 
at the Yimin open-pit mine, demonstrate 
the practical benefits of these technolo-
gies, with improved safety, greater oper-
ational efficiency, and reduced environ-
mental impact.

In May 2025, the Yimin open-pit coal 
mine in Inner Mongolia became the 
world’s first mine to deploy a fleet of 
100 autonomous electric mining trucks, 
marking a significant milestone in the 
digital transformation of the mining 
sector. This achievement was the re-
sult of a joint innovation project be-
tween Huaneng Inner Mongolia Eastern 
Energy Co., Ltd., Huawei, and other part-
ners, aimed at creating a zero-carbon, 
intelligent mine transportation system.

Huawei has been at the forefront of in-
tegrating AI and digital solutions into 
mining operations, and at the heart 
of the Yimin mine is the integration 
of a 5G-Advanced (5G-A) network, en-
abling seamless vehicle-cloud-network 
synergy. Huawei played a pivotal role 
by providing its Commercial Vehicle 
Autonomous Driving Cloud Service 
(CVADCS), which leverages crowd-
sourced mapping for real-time location 
updates and route optimisation.

This technology not only reduces waiting 
times and maximises fleet efficiency, but 
also supports the safe, continuous op-
eration of trucks in harsh environmental 
conditions, including the extreme -40°C 
temperatures often found at the Yimin 
mine, frequent dust storms, and fog. The 
Yimin mine is also the first in China to op-
erate autonomous mining trucks without 
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driver cabins, significantly improving per-
sonnel safety by removing workers from 
hazardous environments entirely.

The 5G-A network deployed by Huawei 
ensures robust, low-latency connectivi-
ty, supporting high-definition video back-
haul and real-time cloud dispatching. 
With 500 Mbps uplink and 20 ms laten-
cy, the network underpins the smooth 
operation of the autonomous fleet, set-
ting a new benchmark for intelligent 
mining worldwide.

https://www.mining-technology.com/

Sea wind and wave 
detection satellite 
China’s first satellite designed to detect 
sea winds and waves has been official-
ly named MAZU, officials announced 
Sunday at the 10th World Mazu Culture 
Forum in Fujian province. The satellite is 
scheduled for launch in 2027. The satellite 
will provide technical support for real-time 
monitoring of ocean wind and wave con-
ditions, marine and weather forecasting, 
ocean resource development, and disas-
ter prevention and mitigation at sea. It is 
part of China’s national early warning ini-
tiative MAZU, unveiled in July.

Lin Mingsen, former director of the 
National Satellite Ocean Application 
Service under the Ministry of Natural 
Resources, said that “marine satellites, 
with their high resolution, speed, wide 
coverage, and comprehensive data ad-
vantages, can play a vital role in ocean 
disaster prevention and mitigation.”

MAZU stands for “Multi-hazard”, “Alert”, 
“Zero-gap”, and “Universal”, coinciding 
with the name of an ancient Chinese 
sea goddess worshipped in south-east-
ern China’s coastal areas for her death 
while rescuing people from a shipwreck 
in the 10th century. The core MAZU spirit 
lies in “virtue, kindness, and great love,” 
which in the maritime context is ex-
pressed through “sea rescue”.

https://www.ecns.cn/ 

INDIA

A novel spatially aware AI 
model
Now, researchers from the Indian 
Institute of Technology, Bombay, 

have developed a spatially aware do-
main adaptation network (SpADANet), 
which refers to an AI model designed 
to ‘adapt’ across different storms, even 
with a limited number of labelled sam-
ples from ground zero. The findings 
of the study, published recently in the 
IEEE Geoscience and Remote Sensing 
Letters, demonstrate that SpADANet 
achieves more than 5% improvement in 
damage classification accuracy com-
pared to existing methods across dif-
ferent hurricanes.

“The existing models consider the prob-
lem of domain gap in a statistical sense, 
but often ignore the spatial context. 
Spatial context is basically the arrange-
ment and relationship of any spatial 
object (like buildings) within an image, 
which is the heart of SpADANet,” ex-
plains Pratyush Talreja, a PhD Candidate 
and Prime Minister’s Research Fellow 
at IIT Bombay and also the first author 
of the study.

Further, the researchers have even op-
timised the model to run with limited 
computing power, and it can be used 
on tablets and phones as well. This fea-
ture makes it a handy tool in the field 
and addresses a genuine bottleneck in 
disaster response, particularly for re-
gions with limited resources. While the 
researchers tested the model on hurri-
canes in the US, they are confident that 
the framework can be applied globally 
for damage assessments with appropri-
ate local imagery. SpADANet can gener-
alise effectively across varied environ-
ments, but modest amounts of locally 
labelled data enhance its adaptation 
performance and reliability, says Talreja.

“Agencies like NDMA (National Disaster 
Management Authority in India) face 
three main constraints: lack of labelled 
data, limited computing resources, and 
regional differences (domain gap) in 
the image characteristics. SpADANet 
can help overcome these barriers as it 
learns from fewer labels, adapts to new 
regions, and can run on modest hard-
ware once trained. With continued col-
laboration between the researchers and 
the government agencies, such AI mod-
els can soon become part of near-real-
time disaster response systems,” high-
lights Talreja.

SpADANet is developed using ResNet 
as the background model, which is a 

type of deep neural network with prov-
en superior image pattern recognition 
abilities. 

Labelling satellite imagery is slow and 
expensive, as each image needs a hu-
man eye to mark whether a building is 
destroyed or lightly damaged. The find-
ings, therefore, emphasise the effec-
tiveness of domain-aware learning in 
real-world disaster response settings. 
While the results look encouraging, the 
ways that SpADANet employs to per-
form domain adaptation are also novel.

After introducing self-supervised learn-
ing, the researchers further enhanced 
the model using a new module called the 
Bilateral Local Moran’s I (BLMI). Moran’s 
I is a widely used statistical method to 
spot groups of similar patterns that ap-
pear close together in an image. BLMI 
builds on this idea to help the model 
understand how nearby pixels relate to 
each other. In other words, the model 
does not judge a patch solely by its co-
lour or shape, but also by how neighbour-
ing patches relate to one another, en-
abling SpADANet to recognise damage 
patterns based on location and context.

In essence, SpADANet makes sure 
each damage category, like ‘no dam-
age’, ‘minor damage’, ‘major damage’, 
‘destroyed’, matches properly across dif-
ferent hurricanes. It learns to recognise 
that a “destroyed” building in one storm 
should look like a “destroyed” building 
in another, even if the lighting, materi-
als or layouts differ. This means a de-
stroyed roof in one hurricane is treat-
ed the same way as a destroyed roof in 
another to avoid mix-ups across geog-
raphies. The BLMI module strengthens 
the model’s ability to read spatial pat-
terns, and the self-supervised learning 
step helps it adapt to a new hurricane 
smoothly, even when only a few labelled 
examples are available.

However, researchers highlight that 
factors such as the availability of stan-
dardised datasets and data-sharing lim-
itations from the agencies may pose a 
short-term barrier to immediate large-
scale implementation. Their next step 
in this research is integrating multimod-
al data, such as combining images with 
LiDAR data. In a warming world, where 
both frequency and intensity of hurri-
canes continue to increase, a faster, 
cheaper damage assessment tool like 

https://www.mining-technology.com/
https://www.ecns.cn/%20
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SpADANet can prove critical for a timely 
and reliable damage assessment.

The Indian model is developed inde-
pendently for hurricane damage as-
sessment using ResNet as the back-
ground, adding spatial awareness and 
self-supervised learning to achieve do-
main adaptation.

https://researchmatters.in/

JAPAN

Sulfated yeast rises to the 
challenge 
A research group led by Professor 
Masayuki Azuma and Associate 
Professor Yoshihiro Ojima at Osaka 
Metropolitan University’s Graduate 
School of Engineering successfully 
achieved selective recovery of metals 
with S-yeast, a sulfated yeast. The study 
was published in Environmental Research.

When testing the removal of copper 
(Cu) from a solution, S-yeast’s metal 
adsorption capacity was found to ab-
sorb approximately 2.3 times more than 
the phosphate-modified baker’s yeast 
(P-yeast) previously created in their past 
studies. Furthermore, S-yeast can de-
sorb Cu using hydrochloric acid, then 
adsorb it again, effectively providing a 
possible sustainable and cost-effective 
solution to metal recovery. Additionally, 
it was found that S-yeast adsorbs more 
zinc, cadmium, lead, and rare earth ele-
ments than P-yeast.

“We hope these research findings lead 
to applications in efficient and environ-
mentally-friendly rare earth recovery 
technology. Moving forward, we plan to 
advance toward practical implementa-
tion by scaling up material production 
and conducting evaluations using actual 
waste liquids,” stated Professor Azuma.

https://phys.org/

REPUBLIC OF KOREA

Smart measurement to 
enhance flood forecasting 
accuracy 
A research team from the Republic 
of Korea has developed an artificial 

intelligence (AI)-based automatic wa-
ter level measurement system to im-
prove the accuracy of flood forecast-
ing and the reliability of hydrological 
data in Southeast Asian countries. The 
Korea Institute of Civil Engineering and 
Building Technology (KICT) announced 
on the 29th that a team from its Water 
Resources and River Research Division 
has developed an AI-based automatic 
water level measurement system called 
the ‘Smart Staff Gauge’. A staff gauge is 
a measuring instrument installed in riv-
ers and streams with a graduated scale 
to allow for direct observation of the wa-
ter level. 

The research team developed the Smart 
Staff Gauge, a low-cost, highly field-ap-
plicable, contact-type automatic water 
level measurement system that applies 
AI technology and can precisely mea-
sure both river water levels and inland 
inundation levels simultaneously. The 
newly developed Smart Staff Gauge 
overcomes the limitations of conven-
tional manual staff gauges. It performs 
an integrated process of automatic wa-
ter level measurement, data transmis-
sion, anomaly analysis, and flood predic-
tion. A key feature is its integration of AI 
technology, which manages the quality 
of water level data in real-time and can 
predict future water level changes and 
the possibility of flooding.

The Smart Staff Gauge’s measurement 
device uses both resistance-type sen-
sors, which measure changes in elec-
trical resistance between sensors, and 
laser-type sensors, which detect the po-
sition of a float to measure the water 
level. The newly developed device is ca-
pable of precise water level measure-
ment within an error range of ±2mm. 
It operates on solar power, eliminating 
the need for an external power source. 
Installed on the main stream of the 
Mekong River in Laos during the flood 
seasons from 2023 to 2024, the Smart 
Staff Gauge measured water levels with 
an accuracy of within ±2mm. It recorded 
an accuracy level equivalent to manual 
observation, successfully demonstrat-
ing the effectiveness of its AI-based hy-
drological data quality control and pre-
diction capabilities.

Furthermore, the Smart Staff Gauge can 
be installed at less than half the cost of 
existing foreign-made equipment and 

is easy to maintain. As the collected 
data is transmitted automatically, it is 
highly useful for developing countries 
with limited personnel and budgets. It 
can be installed not only in rivers but 
also in flood-prone areas such as roads 
and underpasses, and it is highly scal-
able, allowing for integration with disas-
ter response systems that include LED 
warning signs, sirens, and CCTVs.

The research team plans to further ad-
vance the Smart Staff Gauge technolo-
gy to suit various field conditions and 
expand its development into a modular 
product suitable for urban areas, includ-
ing underground spaces. They also in-
tend to seriously pursue global market 
entry through cooperation with domes-
tic local governments, as well as interna-
tional organisations, and foreign cities.

https://www.dongascience.com/

THAILAND

Smart aquaculture IoT 
solution
HydroNeo is a Thailand-based aquacul-
ture technology company. Since 2020, 
it has grown into a leading provider 
of smart water monitoring and farm 
management systems, and is nowa-
days trusted by farmers in six coun-
tries across Asia. HydroNeo’s IoT-based 
system enables shrimp and fish farm-
ers to monitor key parameters such as 
dissolved oxygen, pH, and temperature 
in real time, while automating opera-
tions to improve energy efficiency, re-
duce costs, and support more sustain-
able farming through digitalisation.

HydroNeo’s vision is simple: to empow-
er farmers to make decisions with con-
fidence, no more guessing. Farming 
becomes more efficient, predictable, 
profitable, and better for everyone: the 
animals, the farmers, and the environ-
ment. What makes HydroNeo’s journey 
unique is that they are farmer them-
selves. They understand farmers’ dai-
ly struggles and test their solutions di-
rectly in real ponds. From there, they 
built technology step by step, ensuring 
it truly serves the needs of farmers up-
grading their operations rather than forc-
ing them to adapt to technology on a 
green-field.

https://researchmatters.in/
https://linkinghub.elsevier.com/retrieve/pii/S0013935125019954
https://phys.org/tags/hydrochloric+acid/
https://phys.org/tags/rare+earth+elements/
https://phys.org/tags/rare+earth+elements/
https://phys.org/
https://www.dongascience.com/
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It also highlights why aquaculture farms 
today must modernise with technolo-
gy, not as a luxury, but as a smart in-
vestment to strengthen financial per-
formance, improve sustainability, and 
secure the future of farming.

https://enaca.org/

Smart water management 
In a quiet district along the Thai-Lao bor-
der, a new kind of digital transformation 
is taking shape – one powered by so-
lar panels, smart sensors, digital tools, 
and most importantly, by the people who 
use them. Bung Khla Sub-district, home 
to Moo 1, 2, and 3 (Moo means villages in 
Thai) in Bueng Kan Province, has recent-
ly emerged as a pioneering innovation 
site for a smart, community-led water 
management solution under the P-LINK 
Project – People’s Livelihoods Initiative 
through water-energy-food Nexus in the 
Mekong Region. Rooted in South-South 
and triangular cooperation, the com-
munity is stepping into the future with 
smart water technology, designed not 
just to function, but to last.

Also known as the ROK-UNOSSC 
Facility (Phase 3), this initiative brings 
together the United Nations Office for 
South-South Cooperation (UNOSSC), 
the Republic of Korea’s Ministry of 
Science and ICT (MSIT), the Mekong 
River Commission, Thailand’s Office 
of the National Water Resources 
(ONWR)/Thailand National Mekong 
Committee Secretariat (TNMCS), the 
Mekong Institute (MI), ROK Science 
and Technology Policy Institute (STEPI) 
and Korean start-up WI.Plat, all working 
closely with local government and com-
munities to deliver results. At the core of 
the project is a smart water system—a 
major upgrade to the community’s exist-
ing infrastructure. Installed across three 
villages, the system includes:

	� AI-powered leak detection and water 
pressure sensors

	� Automated chemical dosing systems 
to improve treatment consistency

	� Solar-powered energy units for 
sustainability

A centralised real-time monitoring 
room outfitted with digital dashboards. 
These tools allow local operators to 
monitor water quality, track system 
performance, and detect problems 

quickly – something that was not pos-
sible before.

“Before this project, we relied mostly 
on manual checks and didn’t have tools 
to detect leaks or monitor water quali-
ty in real time,” said Mr Piya Panumas, 
Director of Public Works at Bung Khla 
SAO. “Now, we can see what’s happen-
ing in the system right away and re-
spond faster. Since installation, the wa-
ter looks clearer and more consistent. 
I really hope everyone in the village will 
take care of it together.”

They have installed a digital water me-
tre and a mobile app for real-time leak 
detection via IoT. Smart systems only 
reach their full potential when people 
are equipped to use them. This is why 
the project placed strong emphasis on 
training, local capacity, and ownership.

While full automation remains limited 
by cost and uneven internet access, this 
semi-digital approach already marks a 
significant step forward in efficiency and 
service delivery. The smart water sys-
tem has already begun to reduce wa-
ter loss, improve supply quality, and 
support clean energy use. As ONWR/
TNMCS’s Director of Foreign Affairs 
Division, Dr Winai Wangpimool noted, 
“There are real production costs to en-
sure water is clean and safe. It is cru-
cial that water reaches households as 
efficiently as possible.” As results are 
tracked over the coming months, stake-
holders are already looking at scaling 
the model across Thailand and the wid-
er Mekong region.

The Bung Khla pilot is more than a 
technical upgrade – it is a human story 
about what happens when innovation is 
grounded in cooperation and driven by 
community. For Moo 1, 2, and 3, it is not 
just about water flowing downstream. It 
is about progress flowing forward.

https://unsouthsouth.org/

EUROPE

GERMANY

Diving robot collects 
underwater trash 
German researchers have developed a 
groundbreaking AI-powered underwater 

robot that could transform how we tack-
le marine pollution by collecting ocean 
debris with its giant four-fingered robot-
ic hand. To address one of the world’s 
greatest environmental problems, ma-
rine litter, the engineering team at the 
Technical University of Munich (TUM) 
built the robot as part of the EU proj-
ect SEACLEAR.

The autonomous diving robot uses 
an integrated AI system with ultra-
sound and cameras to detect underwa-
ter litter. Once identified, it then picks 
up the waste and brings it to the sur-
face. Demonstrating its capabilities for 
the first time in the port of Marseille in 
France, the diving robot collected vari-
ous debris from the seabed, including 
objects as heavy as 551 lbs (250 kilo-
grams). With ocean litter ranging from 
e-scooters and lost fishing nets to old 
tyres from the harbour basins and bro-
ken glass, the system is engineered to 
handle both heavy-duty lifting and deli-
cate precision.

According to Stefan Sosnowski, PhD, 
Chair of Information Technology Control 
at TUM, waste disposal using autono-
mous underwater waste collection be-
comes profitable at depths of 52 feet 
(16 metres) or more. That’s why the en-
tire system consists of an unmanned 
service boat with a dinghy, a drone, a 
small underwater search robot and the 
TUM diving robot. The service boat sup-
plies the robots with power and data 
connections through cable. At the same 
time, it also sends ultrasonic waves into 
the depths to generate a rough map of 
the seabed. The small 20-inch (50-cen-
timetre) search robot then quickly and 
efficiently scans the seabed.

Powered by eight  mini turbines, the 
submarine then dives to the locations 
where the litter is detected and collects 
the objects. It uses a which to load them 
onto an additional autonomous dinghy 
that serves as a floating waste contain-
er. “Since we first have to identify the 
rubbish and grasping objects requires 
a high degree of precision, we have a 
camera and sonar on board that en-
able orientation even in murky water,” 
Sosnowski stated. Identifying underwa-
ter rubbish is no easy task, as there’s 
little image data available to train neu-
ral networks. Nevertheless, the team 
have managed to label more than 7,000 

https://enaca.org/?id=1430
https://southsouth-galaxy.org/capacity-development/rok-unossc-facility/
https://southsouth-galaxy.org/capacity-development/rok-unossc-facility/
https://unsouthsouth.org/
https://interestingengineering.com/innovation/jellyfish-inspired-robot
https://interestingengineering.com/military/western-tech-can-spot-stealth-submarines
https://interestingengineering.com/innovation/smaller-steam-turbines
https://www.coursera.org/articles/machine-learning-vs-neural-networks?utm_medium=sem&utm_source=gg&utm_campaign=b2c_emea_x_multi_ftcof_career-academy_cx_dr_bau_gg_pmax_gc_s2_en_m_hyb_23-12_x&campaignid=20882109092&adgroupid=&device=c&keyword=&matchtype=&network=x&devicemodel=&creativeid=&assetgroupid=6566749494&targetid=&extensionid=&placement=&gad_source=1&gad_campaignid=20875558740&gbraid=0AAAAADdKX6aZRkJkYXKOVxGF-EWBJL-l0&gclid=Cj0KCQjwuKnGBhD5ARIsAD19Rsbm0b0Wdab6q04qZu7KSCl5MX46iXz_JP-LnmuB96ey_8F-VVQn8_8aAisHEALw_wcB
https://www.coursera.org/articles/machine-learning-vs-neural-networks?utm_medium=sem&utm_source=gg&utm_campaign=b2c_emea_x_multi_ftcof_career-academy_cx_dr_bau_gg_pmax_gc_s2_en_m_hyb_23-12_x&campaignid=20882109092&adgroupid=&device=c&keyword=&matchtype=&network=x&devicemodel=&creativeid=&assetgroupid=6566749494&targetid=&extensionid=&placement=&gad_source=1&gad_campaignid=20875558740&gbraid=0AAAAADdKX6aZRkJkYXKOVxGF-EWBJL-l0&gclid=Cj0KCQjwuKnGBhD5ARIsAD19Rsbm0b0Wdab6q04qZu7KSCl5MX46iXz_JP-LnmuB96ey_8F-VVQn8_8aAisHEALw_wcB
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images as potential objects which don’t 
belong on the seabed. Once the waste 
is detected, the AI transforms the im-
ages into 3D models. “This is import-
ant for deciding where the object can 
be gripped securely,” Sosnowski elab-
orated. He stated that the autonomous 
gripper’s four-fingered hand can exert a 
force of 4,000 Newtons (N) and lift ob-
jects weighing up to 551 lbs (250 kilo-
grams). Its grip is, however, regulated 
by special sensors that measure how 
much force can be applied without caus-
ing damage. This, for instance, prevents 
plastic buckets from breaking or glass 
bottles from shattering.

Although the boat operates autono-
mously, researchers kept it tethered 
during the experiment. The onboard bat-
tery lasts only two hours, and the cable 
boosts AI performance while also help-
ing pull heavy objects to the surface. 
Meanwhile, the 264-lb (120-kilogram) 
submarine is encased in buoyancy foam, 
keeping it suspended in water when the 
mini turbines are off. This lets the robot 
move freely and stay on course. “This is 
important for approaching objects pre-
cisely,” Sosnowski concluded.

https://interestingengineering.com/

UK

AI supercharges science on 
the Antarctic seafloor
Using the latest AI technology, scientists 
from the British Antarctic Survey have 
dramatically sped up the process of de-
tecting animals found in photographs 
and videos taken of the seafloor—from 
taking several hours to a few seconds 
per image. The use of this tool, in com-
bination with expert scientists, is fast 
enough that it could even be used on 
research vessels in Antarctica to label 
photographs in real time as they are tak-
en. This major increase in speed and 
efficiency enables researchers to cov-
er a much larger area of the seafloor 
when trying to decide which parts of 
Antarctica need special protection.

The Antarctic seafloor is home to more 
than 94% of all the species known from 
the Southern Ocean, most of which live 
nowhere else on Earth and are adapt-
ed to sub-zero temperatures. As climate 

change and human activities threaten 
these specially evolved animals, it is 
important to gather information to help 
us understand where these animals live 
and which species are at greatest risk.

“This new AI technology will massively 
speed up how marine biologists analyse 
the data they collect. Before we devel-
oped this tool, image analysis was per-
formed by hand, taking up to eight hours 
per photo. By having the AI work along-
side the human experts, we can cut this 
down to a few seconds per photo,” said 
Dr Cameron Trotter, machine learning re-
search scientist at the British Antarctic 
Survey and lead author of the study, 
which is posted to the arXiv preprint 
server. “This allows us to analyse far 
more data than ever before, speeding 
up our understanding of these unique 
and globally important ecosystems.”

Training AI tools to understand the 
Antarctic seafloor, along with the crea-
tures that call it home, is extremely chal-
lenging. The model was trained on im-
ages taken on board Germany’s polar 
research ship, the RV Polarstern, of the 
Alfred Wegener Institute, in the Weddell 
Sea. Dr Trotter added, “The images 
we used to train the AI are extremely 
high-resolution and packed full of weird 
and unusually shaped animals, often liv-
ing on top of each other, some of which 
have never been seen before.”

Scientists labelled each animal in 100 
images, which captured a range of sea-
floor species, representing a range of 
conditions. Learning from these la-
belled images, the AI can now find and 
label the same types of animals in pho-
tographs taken in regions across the 
Southern Ocean. It can identify many of 
the most commonly seen seafloor crea-
tures, including starfish, corals, spong-
es and fish.

“This is a game-changer for the way in 
which we analyse the seafloor, unlock-
ing vast quantities of data crucial for 
the conservation of Antarctic ecosys-
tems,” said co-author Dr Rowan Whittle, 
a paleobiologist at the British Antarctic 
Survey. “Traditionally, scientists have re-
lied on destructive dredging and fishing 
methods to collect biodiversity data, but 
the use of photography and AI allows 
rapid data collection, while not caus-
ing any disturbance to this vulnerable 
environment.”

Researchers are already using this tech-
nology in their research, with a backlog 
of more than 30,000 images from the 
Antarctic Peninsula and Weddell Sea 
currently being analysed. The findings 
have strong potential for discovering 
species, as well as providing policymak-
ers with crucial information that will help 
protect the creatures found in this vul-
nerable ecosystem.

https://phys.org/

NORTH AMERICA

USA

AI-powered geothermal 
discovery 
Zanskar Geothermal and Minerals has 
announced a major breakthrough in 
geothermal energy with the discovery 
of the first commercially viable geo-
thermal system in over 30 years. This 
achievement was made possible by le-
veraging artificial intelligence (AI), sig-
nalling a new era in renewable energy 
exploration and development. The new 
geothermal system, “Big Blind”, is locat-
ed in a remote part of western Nevada. 

Remarkably, there were no prior sur-
face or geological signs indicating 
geothermal activity there, highlight-
ing how AI has revolutionised explo-
ration. Traditionally, geothermal explo-
ration involved extensive drilling and 
many non-productive wells, leading to 
high costs and environmental disrup-
tion. By incorporating AI, Zanskar ana-
lysed large datasets to more accurate-
ly predict promising geothermal sites, 
significantly reducing unproductive 
drilling, cutting exploration expenses, 
and minimising environmental impact. 
This success builds on Zanskar’s previ-
ous projects at Pumpernickel in north-
ern Nevada and Lightning Dock in New 
Mexico, which utilised technology-driv-
en approaches to geothermal develop-
ment. However, Big Blind stands out due 
to its location in an area previously con-
sidered unlikely for geothermal activity. 

This discovery underscores the vast un-
tapped potential of geothermal resourc-
es in overlooked regions. Zanskar now 
plans to obtain permits to move Big 
Blind from discovery to development, 

https://seaclear-project.eu/news/news/114-a-versatile-and-robust-gripper-design
https://interestingengineering.com/
https://phys.org/tags/climate+change/
https://phys.org/tags/climate+change/
https://arxiv.org/abs/2507.21665
https://phys.org/tags/seafloor/
https://phys.org/
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aiming to create a power-generating 
geothermal facility within this decade. 
This is part of a broader strategy to har-
ness advanced technologies to unlock 
new geothermal sources and expand 
the U.S. renewable energy portfolio. 
Such projects are expected to promote 
cleaner energy, decrease greenhouse 
gas emissions, and strengthen energy 
security. The implications extend be-
yond Zanskar and Nevada. 

Amid rising energy demands, fossil fuel 
price volatility, and environmental chal-
lenges, Zanskar’s discovery represents a 
promising step toward diversifying and 
strengthening energy systems. Big Blind 
not only demonstrates technological 
ingenuity but also provides a practical 
pathway to commercially viable geother-
mal power. This landmark find suggests 
that ongoing integration of AI and tech-
nology could reveal many hidden geo-
thermal resources globally, opening 
new opportunities for sustainable en-
ergy production. It also signals hope for 
a future in which clean, renewable geo-
thermal energy can notably reduce reli-
ance on carbon-intensive sources, ad-
vancing the global fight against climate 
change and fostering a sustainable en-
ergy system for future generations.

https://neuron.expert/

Efficient ways to extract rare 
earth elements 
A team of scientists at The University 
of Texas at Austin has created a clean-
er and more efficient way to extract rare 
earth elements, which are vital for tech-
nologies such as electric vehicle batter-
ies and smartphones. The technique 
could strengthen domestic production 

and lessen dependence on expensive 
imports. The new process makes it pos-
sible to separate and collect rare earth 
elements from sources that were previ-
ously too difficult or inefficient to use, 
offering a potential solution to sup-
ply challenges heightened by global 
trade tensions.

“Rare earth elements are the backbone 
of advanced technologies, but their ex-
traction and purification are energy-in-
tensive and extremely difficult to im-
plement at the scales required,” said 
Manish Kumar, professor in the Cockrell 
School of Engineering’s Fariborz Maseeh 
Department of Civil, Architectural and 
Environmental Engineering and the 
McKetta Department of Chemical 
Engineering. “Our work aims to change 
that, inspired by the natural world.”​

The study, recently published in ACS 
Nano, describes how the team engi-
neered artificial membrane channels, 
tiny pores within membranes, that im-
itate the highly selective transport sys-
tems of natural proteins in living organ-
isms. In biology, such channels guide 
ions as they move between cells. Each 
channel has unique properties that al-
low only ions with specific traits to pass 
through while blocking others. This fine-
tuned selectivity is essential for many 
biological functions, including the way 
the human brain processes information.

The researchers’ artificial channels use a 
modified version of a structure called pil-
lararene to enhance their ability to bind 
and block specific common ions while 
transporting specific rare earth ions. The 
result is a system that can selectively 
transport middle rare earth elements, 
such as europium (Eu³+) and terbium 

(Tb³+), while excluding other ions like po-
tassium, sodium, and calcium.​

Rare earth elements are split into several 
classes (light, middle and heavy), each 
with different properties that make them 
ideal for specific applications. Middle el-
ements are used in lighting and displays, 
including TVs, and as magnets in green 
energy technologies, such as wind tur-
bines and electric vehicle batteries.

Using advanced computer simulations, 
they discovered that the channels’ selec-
tivity is driven by unique water-mediat-
ed interactions between the rare earth 
ions and the channel.​ These interactions 
allow the channels to differentiate be-
tween ions based on their hydration dy-
namics—how water molecules surround 
and interact with ions.​

Kumar and his team have been working 
on this research for more than five years. 
He is an expert in membrane-based sep-
arations, applying that knowledge to 
clean water generation as well. The re-
searchers envision their technology be-
ing integrated into scalable membrane 
systems for industrial use.​ The goal is 
to make it easier to conduct ion sepa-
rations in the U.S., using clean energy. 
They’re working on a platform for these 
channels that allows users to select a 
variety of ions to gather. This could in-
clude other critical minerals like lithium, 
cobalt, gallium, and nickel.

This is a first step towards translating 
nature’s sophisticated molecular recog-
nition and transport strategies into ro-
bust industrial processes, thus bringing 
high selectivity to settings where current 
methods fall short.

https://scitechdaily.com/

https://neuron.expert/
https://scitechdaily.com/tag/university-of-texas-at-austin/
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Abstract
The race for critical minerals is increasingly a race for data—data that 
can illuminate deposits, monitor impacts and strengthen supply-chain 
transparency. Artificial intelligence (AI) and digital technologies are reshaping 
how these minerals—essential for energy transitions, digitalisation, mobility 
and defence—are governed across the Asia-Pacific. Tools such as machine 
learning, geospatial analytics, digital twins (DTs) and Internet-of-Things (IoT) 
sensors are transforming exploration and extraction, while blockchain systems 
and Digital Product Passports (DPPs) support traceability, circularity and 
robust measurement–reporting–verification (MRV). Drawing on regional 
developments, this article argues that policy integration and capacity-building 
are crucial to align digital innovation with environmental, social and governance 
(ESG) objectives and to build more transparent and efficient critical-minerals 
supply chains.

Introduction — data 
and minerals in the 
sustainability era
Critical minerals have emerged as the 
backbone of the twenty-first-century 
economy, powering batteries, energy 
technology, semiconductors, defence 
platforms and advanced digital sys-
tems (Christmann & Lefebvre, 2022; 
International Energy Agency, 2025). 
Their growing importance for ener-
gy transitions, digital connectivity and 
strategic autonomy has made the gov-
ernance of these materials a defining 
issue for the Asia-Pacific. Yet rapidly 
growing demand has heightened region-
al vulnerabilities—including price volatili-
ty, environmental pressures and the con-
centration of refining capacity—while 
opacity in some supply chains further 
amplifies these structural risks (Vivoda 
et al., 2025a).

Across this landscape, artificial intelli-
gence (AI) and digital technologies are 

reshaping how subsoil resources are 
discovered, developed and governed. 
Machine-learning (ML) models analyse 
geological, hyperspectral and geophys-
ical datasets to identify mineralisation 
patterns with high precision. Digital-twin 
(DT) platforms create dynamic virtual 
replicas of mines and processing plants, 
allowing operators and regulators to test 
operational scenarios and optimise per-
formance. Internet-of-Things (IoT) sen-
sors enable real-time monitoring of wa-
ter use, tailings stability and emissions, 
while blockchain and Digital Product 
Passports (DPPs) record provenance 
and environmental attributes across 
the supply chain (Calvão & Archer, 2021; 
World Economic Forum, 2021).

This digital transformation aligns with 
the objectives of the Asia-Pacific Tech 
Monitor special issue and the strategic 
direction of the Asian and Pacific Centre 
for Transfer of Technology (APCTT, 
n.d.). For mineral-rich economies such 
as Australia, China, India, Indonesia, 
Mongolia, and the Philippines, AI offers 
new tools for enhancing efficiency while 

embedding transparency and account-
ability in governance systems. For re-
source-importing states such as Japan 
and the Republic of Korea, AI-enabled 
traceability and DPPs are increasingly 
essential for securing reliable mineral 
inputs and meeting emerging European 
Union (EU) and U.S. supply-chain trans-
parency requirements in batteries, elec-
tronics and advanced manufacturing.

Governments across the region are in-
creasingly embedding digital technolo-
gies into their minerals strategies, using 
AI, geospatial analytics and automation 
to modernise exploration, safety sys-
tems and environmental management. 
In China, major advances in intelligent 
mining are emerging, where fully inte-
grated AI, 5G networks, autonomous 
haulage, hazard-warning platforms, and 
remote-operation systems are trans-
forming safety, efficiency, and mine 
control capability (Leng & Xie, 2024). 
Japan’s Green Innovation Fund supports 
AI-enabled recycling of rare-earth mag-
nets (Ministry of Economy, Trade and 
Industry, 2023). The Republic of Korea 
is making similar progress, using digital 
lifecycle management systems mandat-
ed under the Resource Circulation Act to 
support AI-enabled traceability and re-
cycling across its battery and manufac-
turing sectors (Ministry of Environment, 
2023). In India, the National Mineral 
Policy incorporates remote sensing 
and hyperspectral analytics (Ministry 
of Mines, 2019).

Regionally, ASEAN has articulated a 
coherent vision through the ASEAN 
Minerals Development Vision (ASEAN, 
2025), which positions the region as 
a leading destination for sustainable 
minerals investment by emphasising 
high-quality digital data, strong gover-
nance, responsible production, decar-
bonisation, and human-capital develop-
ment, supported by successive five-year 
cooperation plans.

While digital technologies can 
support improved oversight and 

Technologies for the Sustainable 
Use of Natural Resources
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decision-making, they do not automat-
ically resolve underlying governance 
challenges. The AI infrastructure it-
self—data centres, transmission net-
works and chip manufacturing—is ma-
terial-intensive, driving further demand 
for copper, power and water. In settings 
where institutional capacities vary, AI 
tools may influence existing patterns 
of data access, capital allocation or en-
vironmental exposure in uneven ways 
(Vivoda et al., 2025b). Governance sys-
tems must therefore account for the 
“material footprint of the digital” to en-
sure net-positive outcomes (United 
Nations Environment Programme, 
2024).1 The central challenge is there-
fore how digital intelligence can be 
aligned with principles of security, sus-
tainability and justice—a minerals gov-
ernance trilemma that calls for coopera-
tion among international organisations, 
governments, industries and communi-
ties (McMaster, 2024).

This article explores how AI-enabled sys-
tems can enhance exploration, strength-
en environmental performance and ac-
celerate circular-economy models. It 
proceeds in four parts: (i) data-driven ex-
ploration; (ii) smart extraction and ESG-
aligned operations; (iii) traceability, cir-
cularity and resource recovery; and (iv) 
policy pathways for embedding digital 
innovation within resource-governance 
frameworks. It concludes by summaris-
ing the strategic imperatives for region-
al cooperation.

Data-driven exploration 
— from intuition to 
prediction
Exploration has traditionally been one 
of the most uncertain and capital-inten-
sive stages of the mineral value chain. 
Success rates remain low, and ear-
ly-stage activities often occur in envi-
ronmentally sensitive or poorly mapped 
areas, heightening ecological and so-
cial risks. In the Asia-Pacific—home to 
vast but unevenly characterised miner-
al systems—such uncertainty has of-
ten fuelled land-use tensions, slowed 

1 The “material footprint of the digital” refers to the minerals, energy, water and land required to produce, operate and 
dispose of digital infrastructure—from sensors and servers to batteries, chips and communication networks.

permitting processes and led to incon-
sistent exploration outcomes. 

Advances in AI and digital geosci-
ence are reshaping this landscape. AI-
enabled models increasingly allow geo-
scientists to integrate multiple datasets 
into probabilistic prospectivity maps, 
supporting a shift from intuition-driven 
fieldwork toward more data-intensive 
and predictive exploration workflows 
(Xiong et al., 2018).

Machine learning as the new 
engine of discovery
ML techniques—including random for-
ests, gradient boosting, convolutional 
neural networks and support-vector ma-
chines—are now widely applied to anal-
yse geochemical, geophysical, structur-
al and spectral datasets. By revealing 
patterns that are not easily detect-
able through traditional interpretation, 
these models can generate mineral-pro-
spectivity maps with higher precision 
(Cracknell & Reading, 2014; Rodriguez-
Galiano et al., 2015).

Australia is at the frontier of these de-
velopments. Commonwealth Scientific 
and Industrial Research Organisation’s 
(CSIRO) Deep Earth Imaging program 
has developed advanced imaging, in-
version and data-fusion techniques that 
dramatically improve understanding of 
Australia’s subsurface structures, inte-
grating diverse geophysical and geolog-
ical datasets to support more accurate 
and less invasive exploration (Filatoff, 
2024). Digital Earth Australia provides 
analysis-ready satellite imagery and 
spatial data that enable continent-scale 
monitoring of terrain, land cover and en-
vironmental change across Australia 
(Geoscience Australia, n.d.). Industry 
innovators such as SensOre use propri-
etary ML–geoscience workflows to gen-
erate lithium, nickel and gold prospec-
tivity targets across Western Australia, 
several of which have advanced into 
joint ventures, tenement acquisitions 
and drilling campaigns (SensOre, 2021).

Similar approaches are emerging across 
the region. In China, AI-assisted re-
mote sensing, deep-learning approach-
es and 5G-enabled drone systems are 

increasingly used across geological sur-
veying and the broader mining sector to 
improve mapping, monitoring and oper-
ational safety. These systems not only 
improve discovery outcomes but also re-
duce environmental impact by narrow-
ing search areas and limiting the need 
for broad reconnaissance surveys. In 
Southeast Asia—where forested or 
mountainous terrain often constrains 
ground-based mapping—AI-supported 
satellite analytics are increasingly im-
portant for supporting sustainable ex-
ploration planning.

Hyperspectral sensing and 
geospatial analytics
A second pillar of data-driven explo-
ration is the rapid expansion of satel-
lite- and drone-based remote sensing, 
which can detect lithological patterns, 
alteration zones and surface miner-
alogical signatures. When combined 
with machine-learning classification, 
multispectral and hyperspectral data-
sets can help identify prospective geo-
logical structures, map lateritic profiles 
and characterise terrain where ground 
access is limited (Drury, 2001; van der 
Meer et al., 2012).

Across Southeast Asia, remote-sens-
ing methods are increasingly used to 
support geological mapping, land-use 
monitoring and environmental assess-
ment near mining areas. Indonesia and 
the Philippines rely on satellite imagery 
to track landscape change in mining re-
gions, particularly where mining-related 
deforestation or land disturbance must 
be assessed (Ordoñez & Silva, 2023; 
Rakuasa et al., 2025). China and Viet 
Nam apply multispectral and hyperspec-
tral imagery—predominantly Sentinel-2 
and ASTER—in academic and govern-
ment-supported geological studies to 
identify alteration zones and map min-
eralised terrain (Ge et al., 2018; Tran et 
al., 2023). These approaches improve 
baseline geological knowledge where 
dense vegetation, rugged landscapes 
or limited sampling constrain conven-
tional fieldwork.

In Japan and the Republic of Korea, pub-
lic agencies and private firms make ex-
tensive use of satellite constellations 
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and commercial geospatial services 
for land-use, terrain and environmental 
monitoring, capabilities that increas-
ingly intersect with mineral prospectiv-
ity analysis and resource-mapping ac-
tivities (Kim, 1999; Japan Aerospace 
Exploration Agency, 2014).

In Iran and Mongolia, where large dis-
tances and challenging terrain limit field 
operations, drones equipped with au-
tomated navigation and multispectral 
sensors enable high-resolution surface 
mapping at significantly lower cost than 
traditional campaigns. Unmanned ae-
rial vehicle (UAV)-based mapping has 
been demonstrated at major operations 
such as the Erdenet copper mine, gen-
erating detailed orthophotos and terrain 
models that directly support geological 
interpretation and environmental as-
sessment (Murison, 2018; Honarmand 
& Shahriari, 2021).

Together, these tools illustrate how re-
mote sensing is becoming an essential 
component of modern mineral explora-
tion—particularly in regions where con-
ventional surveys are difficult, expensive 
or environmentally disruptive.

Digital twins of the 
subsurface
DTs are emerging as a powerful explo-
ration tool. They create interactive sim-
ulations of the subsurface by combining 
geological, geophysical, geochemical, 
hydrological and environmental data-
sets into unified, dynamically updat-
ing models. This allows governments 
and companies to test drilling options, 
assess hydrogeological impacts and 

evaluate potential ore bodies with re-
duced invasive activity.

Several Asia-Pacific countries are ad-
vancing national or sectoral digital-twin 
initiatives. Australia’s geological and en-
vironmental digital platforms integrate 
land, water and resource datasets to 
support transparent decision-making 
(Geoscience Australia, n.d.). China has 
developed integrated geological infor-
mation systems that link digital-twin 
technologies with multi-source data for 
exploration planning (Tan et al., 2025).

For policymakers, these systems offer 
evidence-based planning tools that en-
able evaluation of exploration propos-
als against biodiversity, water resources, 
cultural heritage and climate consider-
ations. By improving the quality of ear-
ly-stage information, DTs help reduce 
conflict, permitting delays and regula-
tory uncertainty.

Moving toward integrated 
regional platforms
The next frontier is regional integration 
of exploration data, enabling countries to 
share non-commercial geological infor-
mation, harmonise standards and build 
collective capacity. ASEAN’s Minerals 
Development Vision (ASEAN, 2025) and 
the ASEAN Minerals Cooperation Action 
Plan (ASEAN, 2021) emphasise this di-
rection, highlighting the importance of 
strengthening digital geological data-
bases, building geoscience training ca-
pacity, and improving information-shar-
ing mechanisms across member states. 

Beyond ASEAN, broader regional ini-
tiatives already support cross-bor-
der data exchange. These include 

the implementation of the Integrated 
Geospatial Information Framework 
(IGIF) across APEC economies, and 
UNESCAP’s Asia-Pacific Plan of Action 
on Space Applications for Sustainable 
Development (United Nations & World 
Bank, 2018; ESCAP, 2018). Emerging AI 
tools could build on these foundations 
to enable shared prospectivity map-
ping, regional baseline datasets and 
environmental early-warning systems. 
A proven operational model for such 
data integration is the Critical Minerals 
Mapping Initiative (CMMI). This part-
nership between the geoscience agen-
cies of Australia, Canada and the United 
States harmonises geological schemas 
and merges national databases to sup-
port seamless, cross-border critical-min-
eral assessment (Geoscience Australia 
et al., 2021).

Smart extraction and 
ESG-aligned operations
While AI-driven exploration reduces un-
certainty and environmental disrup-
tion at early stages of mineral develop-
ment, the largest sustainability gains 
arise during extraction and processing, 
where energy use, water demand and 
waste generation are highest (Liang et 
al., 2024). Across the Asia-Pacific, gov-
ernments and mining companies are 
increasingly adopting AI, IoT, automa-
tion and DT systems to improve envi-
ronmental performance, enhance safe-
ty and strengthen the reliability of ESG 
reporting. These tools support a shift 
toward data-driven operational gover-
nance, where environmental and so-
cial outcomes are assessed through 

Box 1: The invisible front line—geological espionage

As the value of critical minerals rises, geological data has become a battleground for intelligence agencies.

	⬜ Australia: In 2025, the Australian Secret Intelligence Organisation (ASIO) Director-General Mike Burgess highlighted 
that the mining sector is a top target for foreign espionage. The agency noted specific cases where “commercial 
secrets” and geological IP were stolen to devalue Australian projects before acquisition attempts (Burgess, 2025).

	⬜ China: In July 2025, China’s Ministry of State Security (MSS) released a public warning accusing foreign intelli-
gence agencies of “stealing rare earth technology” and smuggling samples. The MSS detailed tactics, including 
the mislabelling of rare-earth exports as “ceramic parts” to bypass controls (MSS, 2025).

Implication: Digital governance systems must be cyber-resilient. A DT of a mine is not just an operational tool; it is a 
blueprint of national strategic assets that may require military-grade cybersecurity.
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continuous monitoring rather than pe-
riodic declarations.

AI, automation and safer 
mining systems
AI-enabled automation is now widely 
used in Australia, China and selected 
mining operations in Southeast Asia, 
improving both worker safety and pro-
duction efficiency. Autonomous haulage 
systems, automated drilling platforms 
and real-time fleet-optimisation technol-
ogies reduce fuel use, minimise equip-
ment downtime and support more con-
sistent operating conditions. Australia’s 
Pilbara iron-ore sector remains a glob-
al reference point, where autonomous 
trucks and remotely operated rail and 
port systems are managed through 
integrated digital command centres 
(Jang & Topal, 2020). Similar automa-
tion and AI-enabled optimisation frame-
works are increasingly extending to lith-
ium, nickel and rare-earth operations, 
reflecting the broader trend in the min-
ing industry toward AI-driven productiv-
ity and process-control improvements 
— a trend substantiated by recent evi-
dence on the role of AI in improving ef-
ficiency across exploration, extraction 
and processing stages (Vespignani & 
Smyth, 2024).

China has advanced a broad smart 
mining model that integrates 5G con-
nectivity, automated equipment, re-
al-time gas and ventilation monitor-
ing, AI-assisted hazard detection and 
remote-operation systems (Zadeh, 
2025). These technologies improve 
safety, reduce operational disruptions 
and give regulators more timely access 
to production and environmental data, 
supporting the evolution of digital com-
pliance frameworks.

Industrial Internet of Things (IIoT) tech-
nologies are increasingly central to mod-
ern mining, integrating sensors, wireless 
networks and real-time analytics to im-
prove safety, productivity and environ-
mental oversight. Recent work shows 
that IIoT platforms enable predictive 
maintenance, automate routine pro-
cesses and support operational deci-
sion-making by providing continuous 
data on equipment performance, ventila-
tion, geotechnical conditions and energy 
use (Zvarivadza et al., 2024). Wearable 
devices, drones and proximity-detection 

sensors complement fixed monitoring 
systems, helping to reduce accidents 
and optimise production. Together, 
these capabilities illustrate how sen-
sor-rich IIoT architectures are becom-
ing foundational to data-driven mining 
operations.

IoT networks for real-time 
environmental monitoring
A defining feature of ESG-aligned ex-
traction is the ability to monitor environ-
mental conditions continuously. IoT sen-
sor networks—installed on equipment, 
in tailings facilities, at water monitor-
ing points and across processing infra-
structure—generate high-frequency data 
that support near-real-time operational 
decisions.

Water use—one of the most sensitive 
aspects of both hard-rock and brine-
based extraction—is increasingly mon-
itored using sensor-based and re-
mote-sensing tools. In Australia, mining 
operations routinely apply groundwater 
and surface-water monitoring systems, 
combining automated loggers, flow me-
ters and digital water-balance modelling 
to support forecasting and regulatory 
compliance (AusIMM, 2024). In China, 
national reforms under the Ministry of 
Natural Resources have expanded the 
deployment of water-quality and hy-
drological monitoring stations in min-
ing-affected regions, integrating sensor 
data into provincial environmental plat-
forms designed to track pollution and 
ecological impacts (Li et al., 2024; Yin 
et al., 2025).

Tailings management is another critical 
application. The Asia-Pacific has expe-
rienced several significant tailings inci-
dents—including the 2012 Philex spill in 
the Philippines and the 2019 Basamuk 
spill in Papua New Guinea—reinforcing 
the need for predictive monitoring. AI-
ready systems now integrate data from 
satellite imagery, ground-based sen-
sors, moisture probes and piezome-
ters to identify potential instability and 
strengthen early-warning capability. 
Mining companies in Australia have ad-
opted digital tailings monitoring aligned 
with the Global Industry Standard on 
Tailings Management (GISTM) (Global 
Tailings Review, 2020), while China is 
developing integrated multisensor and 
data-driven tailings-risk assessment 

methods, as demonstrated in recent 
work applying environmental-risk index-
ing and multi-indicator analysis to dense 
tailings-pond regions in the Yellow River 
Basin (Wang et al., 2024).

Air-quality monitoring—particularly for 
dust control in mining and quarrying re-
gions—is also advancing. Across the 
Asia-Pacific, regulators and operators 
are increasingly using combinations of 
fixed IoT particulate sensors, mobile 
monitoring units and UAV-based sur-
veys to map dust dispersion and opti-
mise suppression measures, as demon-
strated in large-scale pilot applications 
in China’s coal and metal-mining prov-
inces (Li et al., 2023).

Digital twins for resource 
optimisation and reduced 
environmental footprint
DTs enable operators and regulators to 
model the interactions between ore bod-
ies, processing systems, waste streams 
and surrounding environmental condi-
tions. These virtual models update with 
incoming sensor data, allowing scenario 
testing, performance optimisation and 
improved anticipatory decision-making.

In Australia, companies including Rio 
Tinto, BHP, Fortescue and South32 have 
incorporated digital-twin components 
into operational control systems, par-
ticularly in iron ore, copper and emerg-
ing critical-mineral operations. These 
systems support ore-blending analy-
sis, equipment-performance simula-
tion, water-balance forecasting and en-
ergy-use optimisation, helping reduce 
waste, improve reliability and align with 
national decarbonisation and efficien-
cy objectives.

DT approaches are also expanding in 
China, where research and industry ini-
tiatives are developing mine-planning 
platforms that integrate geological, ge-
otechnical, hydrological and environ-
mental datasets. Recent work docu-
ments the use of DT-based models for 
open-pit design, slope-stability assess-
ment, and mine-water management in 
Chinese coal, iron-ore and metal mines 
(Qu et al., 2023). These systems allow 
mining enterprises and provincial au-
thorities to visualise operational and 
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environmental conditions, assess cumu-
lative impacts and strengthen risk man-
agement across multiple stages of the 
mining value chain.

AI-enhanced MRV and the 
rise of evidence-based 
Environmental, Social and 
Governance (ESG) systems
The central challenge for ESG gov-
ernance in the region is the durabili-
ty and transparency of environmental 
data. Traditional reporting systems rely 
heavily on self-reporting, periodic au-
dits and paper-based documentation. 
AI-enabled measurement, reporting and 
verification (MRV) systems shift compli-
ance toward continuous, verifiable and 
auditable data flows, supporting stron-
ger regulatory oversight and improving 
confidence among investors and down-
stream manufacturers. 

Key developments include:

	� Digital and blockchain-based trace-
ability: Australia has trialled digital 
traceability platforms for critical 
minerals, including systems that 
combine blockchain, IoT sensors 
and digital-product-passport archi-
tectures to record extraction data, 
processing parameters and environ-
mental metrics, providing verifiable 
provenance for material shipments 
and supporting emerging transpar-
ency expectations in global bat-
tery and electronics supply chains 
(Hidayat, 2025a).

	� Automated biodiversity and land-
use monitoring: AI-assisted image 
recognition is being applied to clas-
sify vegetation cover, detect dis-
turbance and track rehabilitation 
progress using satellite and drone 
imagery. A project in Queensland, 
Australia, illustrates how these tools 
can strengthen environmental over-
sight where terrain or staffing ca-
pacity limits field-based monitoring 
(Murray et al., 2022).

	� ESG-integrated process optimis-
ation: Advanced metallurgical and 
process-control systems increas-
ingly use data-driven and real-time 
optimisation to reduce reagent con-
sumption, improve recovery and mi-
nimise waste generation. Recent 
work on circular hydrometallurgy 

highlights how real-time digital con-
trol, mechanochemistry and intensi-
fied leaching systems can enhance 
efficiency and reduce environmen-
tal impacts across hydrometallurgi-
cal circuits, including those used for 
laterite processing and battery-met-
al recovery (Kalupahana et al., 2025). 
These approaches reflect growing 
regulatory and industry emphasis—
particularly in China and Southeast 
Asia—on improving efficiency and re-
ducing the footprint of hydrometallur-
gical operations.

As international buyers—especial-
ly in battery, EV and electronics value 
chains—tighten expectations for trace-
ability and emissions verification, these 
evidence-based ESG systems are be-
coming essential for securing market 
access and meeting procurement re-
quirements. Such continuous verifica-
tion is increasingly required by down-
stream battery and EV manufacturers, 
making digital ESG systems a compet-
itive necessity rather than a voluntary 
enhancement.

Traceability, circularity, 
and resource recovery
As demand for critical minerals accel-
erates across the Asia-Pacific, gov-
ernments and industries face grow-
ing pressure to ensure that materials 
are sourced responsibly, used efficient-
ly and recovered at the end of life. For 
countries such as Japan, the Republic 
of Korea, China and Australia—and for 
emerging ASEAN battery producers—
circularity has become both an indus-
trial priority and a strategic require-
ment. Digital technologies, including 
AI, blockchain-based traceability, IoT-
enabled tracking and DPPs, now play a 
central role in building transparent sup-
ply chains and supporting the shift from 
linear resource flows toward more circu-
lar systems.

While Section 3 examined how digital 
tools are reshaping extraction, this sec-
tion focuses on post-extraction gover-
nance: how materials are tracked, pro-
cessed, reused and recycled, and how 
policy frameworks can support more 
efficient and sustainable resource 
utilisation.

The rise of traceability: 
From static certification to 
dynamic data transparency
Traditional certification and assurance 
schemes have long relied on periodic 
audits and paper-based documentation. 
These approaches can be slow and frag-
mented, making it difficult to meet the 
increasingly stringent traceability expec-
tations of electric vehicle (EV), electron-
ics and defence manufacturers.

Digital traceability systems introduce a 
different model:

	� Blockchain platforms can maintain 
tamper-resistant records of materi-
al origin, processing steps and cus-
tody changes.

	� Digital Product Passports (DPPs) 
consolidate environmental and ma-
terial information across the supply 
chain, improving consistency and 
auditability.

	� IoT sensors and digital tags support 
real-time tracking of material move-
ments from mine to refinery to man-
ufacturing plant.

	� AI analytics can identify inconsis-
tencies, detect risks and strengthen 
overall supply-chain assurance.

The Republic of Korea has introduced 
digital lifecycle-management systems 
under its Resource Circulation Act, en-
abling battery manufacturers and recy-
clers to exchange material-flow and re-
cycling data through integrated national 
platforms (Ministry of Climate, Energy 
and Environment, 2024). China has also 
advanced digital transparency require-
ments, with major battery producers de-
veloping data systems to meet the EU 
Battery Passport’s 2027 rules, includ-
ing carbon-footprint disclosure, mate-
rial-traceability records and third-party 
verification standards (Hidayat, 2025b).

In Southeast Asia, Indonesia has al-
ready moved toward digital traceabili-
ty through the expansion of its nation-
al Mineral and Coal Information System 
(Simbara), which now tracks nickel and 
tin flows from mines to smelters and 
integrates real-time data on production 
quotas, permitting and shipments to 
strengthen oversight and governance 
(Nangoy, 2024). Traceability systems 
are also critical for disrupting transna-
tional criminal networks. The United 
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Nations Interregional Crime and Justice 
Research Institute (UNICRI) (2025) high-
lights that opaque mineral supply chains 
in Southeast Asia are targeted by organ-
ised crime for money laundering and il-
licit trafficking.

Australia’s critical minerals and battery 
industries are also advancing digital re-
porting and traceability frameworks, 
with companies increasingly integrat-
ing ESG data, emissions information 
and processing records into digital pass-
ports. These systems support access to 
international markets where verifiable 
environmental performance and supply 
chain transparency are becoming man-
datory requirements under emerging 
global regulations.

DPPs and the future of 
mineral governance
The introduction of the EU Battery 
Regulation in 2023 (European Union, 
2023)—which mandates a Digital Battery 
Passport (DBP) for all electric-vehicle 
and industrial batteries placed on the 
EU market—has become a global refer-
ence point for supply-chain transparen-
cy. Under this system, producers must 
disclose structured data on material 
provenance, carbon footprint, recycled 
content, processing steps, performance 
characteristics and end-of-life path-
ways. These requirements are already 
influencing regulatory planning and in-
dustry practices far beyond Europe, as 
access to EU markets increasingly de-
pends on the ability to supply verifiable, 
standardised digital information.

At the international level, the Global 
Battery Alliance (GBA) has piloted a 
Battery Passport framework with major 
industry partners, demonstrating how 
lifecycle data can be aggregated across 
borders while maintaining commercial 
confidentiality (GBA, 2024). These pi-
lots show that digital product-pass-
port systems are not speculative: oper-
ational models exist, and the technical 
foundations for interoperability are al-
ready in place.

Industry reporting indicates that battery 
manufacturers in China are actively pre-
paring for these emerging requirements 
by upgrading data-management sys-
tems, strengthening supply-chain doc-
umentation and aligning internal pro-
cesses with anticipated EU compliance 

expectations (Hidayat, 2025b). These 
developments signal a broader shift 
across the Asia-Pacific, where firms 
supplying global markets increasingly 
recognise that digital traceability is be-
coming an essential condition for com-
petitiveness rather than a voluntary 
enhancement.

AI-enabled circularity and 
predictive waste-stream 
modelling
Circularity begins early in the value 
chain, and AI-driven tools are increas-
ingly used to forecast material flows, op-
timise recovery processes and support 
closed-loop manufacturing. Several de-
velopments across the Asia-Pacific illus-
trate this shift.

Japan has developed one of the 
world’s most advanced rare-earth mag-
net and battery-recycling ecosystems. 
Automated sorting, disassembly and 
material-characterisation systems are 
widely used, and national recycling facil-
ities employ digital tools to assess bat-
tery condition and optimise recovery 
pathways (Xu et al., 2016; Antony Jose 
et al., 2024). China’s major battery-recy-
cling enterprises, including Brunp and 
GEM, deploy automated disassembly, 
advanced process-control technologies 
and analytical systems to improve re-
covery rates of lithium, nickel, cobalt and 
manganese, strengthening circularity in 
EV and electronics value chains (He et 
al., 2024; Ali et al., 2025).

Australia is developing its domestic lith-
ium-ion battery recycling capability, with 
research and pilot initiatives focused on 
improving disassembly, separation, and 
chemical-processing pathways. Current 
activity includes using advanced tech-
nology in dismantling and crushing bat-
teries to produce black mass domesti-
cally, with further processing occurring 
offshore (Commonwealth Scientific 
and Industrial Research Organisation, 
2024). These efforts align with the 
country’s National Battery Strategy and 
growing domestic processing capabili-
ty (Department of Industry, Science and 
Resources, 2024).

Finally, AI enhances urban mining by 
supporting the identification, quan-
tification and prediction of second-
ary resource flows. Studies show that 

machine-learning techniques improve 
material classification, sorting efficien-
cy and recovery modelling across sev-
eral Asia-Pacific contexts. In Japan, 
deep-learning approaches have been 
used to identify and sort electronic com-
ponents more accurately, raising cor-
rect-selection rates by around 70% in pi-
lot tests (Markazi et al., 2025). Across 
Australia, research groups apply ML 
frameworks to optimise metal-recov-
ery processes from e-waste, including 
parameter prediction for leaching and 
process modelling (Commonwealth 
Scientific and Industrial Research 
Organisation, 2024). Broader region-
al work using GIS and remote sensing 
demonstrates how spatial data and ML-
based analysis help map urban mate-
rial stocks, forecast waste availability 
and guide decisions on recycling sys-
tem design—laying the groundwork 
for more efficient, technology-enabled 
urban-mining strategies (Murthy & 
Ramakrishna, 2022). 

Policy frameworks driving 
circularity
Circularity in minerals depends on co-
herent policy frameworks that support 
efficient material use, recovery and re-
cycling. Several Asia-Pacific economies 
have established legislative and strate-
gic initiatives that point in this direction:

	� Australia’s National Battery Strategy 
includes measures that encourage 
traceability, recycling infrastructure 
and integration of recovered ma-
terials into domestic battery val-
ue chains (Department of Industry, 
Science and Resources, 2024).

	� China’s Circular Economy Promotion 
Law embeds lifecycle manage-
ment, extended producer responsi-
bility and digital monitoring of key 
waste streams (National People’s 
Congress, 2008). 

	� Japan has long prioritised closed-
loop systems for motors, batter-
ies and electronics through its 
circular-economy and recycling leg-
islation, supported by technology-de-
velopment programmes and part-
nerships between government and 
industry (Ministry of Economy, Trade 
and Industry, 2023). 

	� The Republic of Korea’s Resource 
Circulation Act sets recycling 
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obligations for designated products 
and promotes digital and automated 
systems to improve material recov-
ery (Ministry of Environment, 2023). 

	� Malaysia’s National Mineral Industry 
Transformation Plan 2021-2030 out-
lines a strategic shift toward sus-
tainable mining, emphasising the 
development of a comprehensive 
digital mineral inventory to man-
age resources and prevent leakage 
(Ministry of Natural Resources and 
Environmental Sustainability, 2021).

	� ASEAN’s Minerals Development 
Vision and associated cooperation 
plans emphasise improved recy-
cling, shared infrastructure and ca-
pacity-building to support sustain-
able resource management across 
the region (ASEAN, 2025). 

A common theme across these frame-
works is the recognition that reliable 
data underpins effective circularity. 
Without traceable and verifiable infor-
mation on material origin, composition, 
processing and end-of-life outcomes, re-
cycled materials struggle to compete 
with primary production or to satisfy 
the transparency requirements of glob-
al clean-technology supply chains.

Policy pathways for the 
Asia-Pacific
The accelerating adoption of AI, geospa-
tial analytics, DT and blockchain tools 
offers the Asia-Pacific an opportunity to 
support proactive, data-driven and sus-
tainability-centred systems. To capture 
this opportunity, the region would ben-
efit from policies that enable digital in-
tegration, strengthen regulatory capac-
ity, and support regional cooperation.

Build interoperable digital 
governance systems
Across the region, digital resource-gov-
ernance tools are expanding—but most-
ly in isolation. Interoperability is essen-
tial for efficient cross-border supply 
chains, ESG reporting and market ac-
cess. Because geological and operation-
al datasets are increasingly considered 
strategic assets, regional frameworks 
for cybersecurity and secure data ex-
change will be essential to underpin 

interoperability. Governments can ad-
vance this by establishing:

	� common data structures for DPPs 
and traceability systems;

	� shared metadata standards for 
geological, environmental and so-
cial datasets;

	� verification and audit rules for digi-
tally generated MRV;

	� minimum requirements for cyberse-
curity and ledger integrity.

Technical integration must also navi-
gate the complex reality of data sover-
eignty. As many nations view geologi-
cal data as a strategic national security 
asset, protocols are needed to allow for 
verification and interoperability without 
requiring the full disclosure of sensitive 
proprietary datasets. Beyond nation-
al security, governance systems must 
also respect Indigenous data sovereign-
ty, which is increasingly recognised as 
a foundational principle for ethical re-
source governance in Australia, Canada 
and elsewhere. Frameworks such as 
the CARE Principles (Collective Benefit, 
Authority to Control, Responsibility, 
Ethics) are becoming vital for ensur-
ing that First Nations communities re-
tain control over geological and envi-
ronmental knowledge derived from their 
traditional lands (Carroll et al., 2020). 
Meaningful progress in this space re-
quires sustained political will, trust, co-
ordination, co-investment and technical 
alignment. 

Embed AI-enabled MRV into 
regulatory regimes
Regulators can raise environmental 
standards and improve investor confi-
dence by integrating AI-enabled MRV 
into permitting and compliance sys-
tems. Actionable steps include:

	� requiring continuous reporting of 
water use, emissions and tailings 
indicators;

	� shifting impact assessments and re-
habilitation plans to digital formats 
linked to real-time monitoring;

	� using DTs to evaluate mine plans, cu-
mulative impacts and climate risks;

	� incorporating verified MRV data into 
national ESG and sustainability re-
porting frameworks.

These measures move compliance 
away from periodic audits toward con-
tinuous assurance, transparency, and 
accountability, thus reducing uncertain-
ty for governments, communities and 
financiers.

Enable responsible 
circularity and traceability
As global markets adopt stricter sus-
tainability rules—particularly the EU bat-
tery passport and emerging U.S. trans-
parency requirements—Asia-Pacific 
countries may benefit from policies that 
support credible, digital-first circularity 
systems. Priority actions include, but are 
not limited to:

	� developing national traceability plat-
forms compatible with international 
reporting standards;

	� expanding producer-responsibili-
ty policies for batteries and elec-
tronic waste;

	� supporting recycling, refurbishing 
and recovery innovation through in-
centives and pilot programmes;

	� creating regional recycling and pro-
cessing hubs linked through harmon-
ised digital standards.

These measures reduce pressure on pri-
mary extraction, improve resilience and 
enable participation in high-value glob-
al value chains. It is important for poli-
cymakers also to guard against a “dig-
ital divide” where high-cost traceability 
barriers exclude artisanal and small-
scale miners (ASM). Inclusive digital 
platforms that allow smaller operators 
to participate in formal supply chains 
are essential to prevent the criminalisa-
tion of this vital livelihood sector (United 
Nations Interregional Crime and Justice 
Research Institute, 2025).

Invest in people, institutions 
and digital infrastructure
Digital systems are effective only when 
institutions can govern them. However, 
a critical bottleneck remains the region-
al scarcity of talent at the intersection of 
geoscience and data science. Building 
this dual capability is as vital as the tech-
nology itself. Stakeholders in the Asia-
Pacific can invest in:
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	� AI, digital MRV and geospatial train-
ing for regulators and geologi-
cal agencies;

	� centres of excellence dedicated to 
digital resource governance and sus-
tainability analytics;

	� secure and accessible data reposito-
ries that integrate public and private 
environmental information;

	� reliable digital infrastructure in min-
ing regions, including connectivity, 
data security and sensor networks;

	� community capacity-building so lo-
cal stakeholders can interpret and 
engage with environmental data.

Strengthened institutional capability en-
sures that digital transformation ben-
efits communities as well as industry.

Deepen regional cooperation 
and knowledge exchange
Digital minerals governance is inherent-
ly regional. The Asia-Pacific can accel-
erate progress by expanding:

	� partnerships for joint learning and 
technical assistance;

	� regional pilots that test digital MRV, 
traceability and circularity systems;

	� shared training and technology-trans-
fer programmes among geological 
surveys and regulators;

	� multi-country research initiatives on 
AI-enabled monitoring and environ-
mental modelling;

	� coordinated approaches to sup-
ply-chain security, sustainability and 
circular-economy development.

APCTT, through its long-standing work 
on technology transfer and digital gov-
ernance, can serve as a convening plat-
form for piloting regional MRV, trace-
ability and interoperability initiatives. 
Such cooperation positions the region 
to actively influence global norms and 
build a more resilient, sustainable min-
eral future.

Conclusion
A region that can see its mineral sys-
tems clearly, measure its impacts hon-
estly and coordinate its responses digi-
tally will be far better placed to navigate 
the turbulence of the energy transition. 
The Asia-Pacific is already moving in 

this direction. AI-enabled prospectivi-
ty models, hyperspectral analytics and 
subsurface DTs are reducing uncertain-
ty and unnecessary disturbance in ex-
ploration. In parallel, automation, IoT 
networks and digital MRV are turning 
mines into continuously monitored sys-
tems rather than opaque black boxes. 
At the other end of the chain, traceabili-
ty platforms, DPP-aligned reporting and 
AI-supported recycling are beginning to 
stitch primary production, manufactur-
ing and resource recovery into a more 
circular whole.

Yet technology alone will not determine 
whether this transition delivers securi-
ty, sustainability and justice. The same 
tools that can democratise access to 
information can also entrench asym-
metries between well-resourced oper-
ators and under-resourced regulators, 
or between advanced economies and 
smaller states. APCTT and ESCAP are 
well-positioned to convene the regional 
architecture needed for this transition—
linking standards, capacity building, pi-
lot projects and knowledge-sharing to 
accelerate the uptake of interoperable 
digital systems. Technology exists, the 
policy models are emerging, and the 
region now has a clear opportunity to 
move from pilots to scaled, interoper-
able solutions. If governments and in-
dustry treat data as a public good, de-
sign digital systems for interoperability 
from the outset and foreground circu-
larity alongside security, the region can 
move decisively beyond a narrow focus 
on extraction and build a more coherent, 
transparent and equitable minerals gov-
ernance architecture fit for the demands 
of the energy transition.
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Abstract 
Coastal regions across the Asia-Pacific are increasingly exposed to sea-lev-
el rise, erosion, and rapid urbanization, heightening the need for scalable and 
data-driven monitoring frameworks. This article explores how remote sens-
ing data analytics and deep learning techniques, such as U-Net, DeepLabV3+, 
and hybrid convolutional models, can enhance sustainable coastal observa-
tion and management. By integrating multispectral satellite imagery (e.g., 
Landsat and Sentinel series) within geospatial and machine learning envi-
ronments, automated shoreline mapping and multi-decadal change detection 
can be achieved with high precision. Case studies from Malaysia’s Peninsular 
coast demonstrate how combining AI-based segmentation with the Digital 
Shoreline Analysis System (DSAS) provides actionable insights into erosion, 
accretion, and human impacts. The study underscores how AI-powered sat-
ellite informatics can support coastal resilience, adaptive management, and 
sustainable resource governance across the Asia-Pacific region.

Introduction
The coastal areas of the Asia-Pacific are 
some of the most dynamic and vulnera-
ble natural environments in the world, 
experiencing unprecedented threats in 
the form of a climate-induced sea-level 
rise (Noor et al., 2022), intensified tropi-
cal cyclones (Kopf et al., 2025), and hu-
man-induced pressures related to inten-
sive urban and economic development 
(Arbinolo et al., 2021). According to the 
Intergovernmental Panel on Climate 
Change (IPCC), the rate of mean sea 
level rise has been increasing globally. 
It has deep consequences on coastal 
cities and ecosystems that are at a low 

altitude (IPCC, 2021). Countries in the 
Southeast, such as Malaysia, Indonesia, 
Thailand, and the Philippines, face a 
compounded risk, such as coastal ero-
sion, saltwater intrusion, loss of protec-
tive mangroves, and damage to criti-
cal infrastructure (Hens et al., 2018). 
Although useful, traditional in-situ 
methods of monitoring prove to be spa-
tially sparse, expensive to maintain, and 
have limits on the ability to capture the 
large-scale changes and long-term vari-
ations that take place over long coast-
lines (Garcia-Soto et al., 2021; Kennedy, 
2013). This data gap inhibits the capac-
ity of policymakers and planners to 
make sound decisions towards sustain-
able coastal management. As a result, 

an urgent requirement exists regarding 
alternative, consistent, and comprehen-
sive monitoring systems.

Satellite remote sensing has trans-
formed the field of environmental 
monitoring through the provision of 
synoptic, multi-temporal, and free-
ly available data at different spatial 
and temporal resolutions (Amitrano 
et al., 2021). Mission archives such as 
Landsat (since 1972) and Copernicus 
Sentinel (since 2014) provide decades 
of imagery, which allows examining 
traditional shoreline transformation. 
Nevertheless, manual extraction of 
shorelines out of such large data is me-
ticulous and subjective. The paradigm 
shift has been initiated by the incorpo-
ration of advanced data analytics, es-
pecially deep learning (DL). U-Net and 
DeepLabV3+ are convolutional neural 
networks capable of processing the 
accurate segmentation of coastline 
on complex satellite images, which al-
low much better efficiency and accura-
cy than manually tackling the problem 
(Khurram et al., 2025).

Coastal challenges in the 
Asia-Pacific

A digital horizon: coastal 
resilience at the crossroads
The Asia-Pacific coastal areas are lead-
ing the frontier of global environmen-
tal change with mounting challeng-
es of climate-induced sea-level rise, 
storm intensity, and unsustainable 
coastal development. According to the 
state of the climate in the South-West 
Pacific 2023 report by the WMO (World 
Meteorological Organization), from 
January 1993 to May 2023, the glob-
al mean sea-level rise (GMSL) was ap-
proximately 3.4 mm ± 0.3 mm/per year. 
This is increased by land subsidence 
of major deltas in the Mekong (Viet 
Nam), Irrawaddy (Myanmar), and Chao 
Phraya (Thailand) due to compaction of 
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the river sediment and groundwater ex-
traction (Becker et al., 2024). The com-
bination of sea-level rise and land sub-
sidence enhances the relative sea-level 
rise at the site, which in turn aggra-
vates the rate of coastal flooding, ero-
sion, and saltwater intrusion (Restrepo-
Angel et al., 2021).

Recent assessments have estimat-
ed that coastal flooding is already in-
flicting approximately US$26.8 bil-
lion of loss every year in Asia and the 
Pacific, which is expected to increase 
to USD144-198 billion by 2050 un-
less there is significant adaptation 
(Monioudi et al., 2025). In urban deltas 
(like those in Bangladesh, Viet Nam, and 
Indonesia) where the sea-level rise is 
coupled with subsidence, tens of mil-
lions of the population are at a high risk 
of displacement (IPCC, 2022) (Figure 
1). Human-driven subsidence, in addi-
tion to sediment starvation and coast-
al erosion, has raised the risk of rela-
tive sea-level rise significantly and led 
to the loss of vast territories over the 
past few decades in the Mekong Delta 
alone (Baldan et al., 2025).

The danger of extreme weather also con-
tributes to such risks. The Asia-Pacific 
region is one of the most affected ar-
eas in the world by tropical cyclones, 

and in warmer ocean environments, 
the storms are expected to get stron-
ger and more precipitous (Chen et al., 
2021). The most notable examples of 
such events include Typhoon Rai (2021) 
in the Philippines and Cyclone Mocha 
(2023) in the Bay of Bengal, which 
demonstrate the rising destructive pow-
er of tropical cyclones, especially when 
they are combined with high base-lev-
el sea levels and lead to compound 
coastal-flooding dangers (Bevacqua et 
al., 2020). Moderate storm surges can 
be devastating to coastal defences and 
drainage systems, coupled with heavy 
rainfall or even when coupled with a 
high tide. According to the Asia-Pacific 
Disaster Report 2023 (ESCAP, 2023), the 
vital factors contributing to overwhelm-
ing exposure to flood risk are climate ex-
tremes and a fast pace of coastal urban-
isation. There is also a threat to coastal 
buffer ecosystems, like mangroves, al-
though Southeast Asia is home to one 
of the highest mangrove forest propor-
tions in the world. These mangrove eco-
systems are disappearing at an incred-
ibly fast pace due to the expansion of 
aquaculture, land reclamation, and pol-
lution (Friess et al., 2019). In the Global 
Mangrove Watch data, an overall loss 
of about 5,245 km2 of mangrove for-
ests was experienced during 1996-2020, 

and hotspots of the loss were found in 
Southeast Asia (Indonesia, Malaysia, 
Myanmar) (Bunting et al., 2022). 
Confirmed by NOAA (National Oceanic 
& Atmospheric Administration) (2024), 
the current global coral bleaching (since 
the beginning of 2023) has already af-
fected over 80 per cent of the world’s 
coral reefs, greatly affecting their abil-
ity to provide natural protection of the 
coastline.

Most of the megacities in the region, 
including Jakarta, Manila, Bangkok 
and Ho Chi Minh City, which are built 
on reclaimed or submerged land be-
hind crumbling flood-defences, are es-
timated to be chronically flooded in 
moderate emission scenarios (Ruan 
et al., 2024). Some areas of Jakarta, 
in particular, are sinking up to 3-10 
cm per year, which is a more immedi-
ate risk than world-scale sea-level rise 
(Abidin et al., 2015). The process of ur-
banization and the increase of imper-
vious surfaces decrease the infiltra-
tion and drainage capacity of the soil 
and increase flood peaks during mon-
soon rains (Yosua et al., 2024). Another 
hazard that is serious but less evident 
is saltwater intrusion. The impact of 
a rise in sea level, coupled with de-
creased upstream discharge and ex-
cessive groundwater extraction, allows 

Figure 1. Projected population growth for the Asia-Pacific region from 1950 to 2050 (by Rollins, A. M. 2019).
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estuaries and aquifers to become more 
vulnerable to groundwater. This is al-
ready affecting the rice production in 
the Mekong Delta in Viet Nam (IPCC, 
2022) and the water/ soil quality in 
coastal Bangladesh (Ashrafuzzaman et 
al., 2022). It is stated with high certain-
ty in IPCC (2022) that in the continued 
warming of low-lying coastal areas like 
deltaic plains, there is a growing risk of 
salinization, especially when the eleva-
tion of the land is low and the sediment 
input is inadequate, which hinders ad-
aptation. In spite of a great level of sci-
entific development, there are still large 
gaps in data and monitoring. In most 
of the countries in the region, observa-
tion capabilities are still low with sparse 
networks of tidal gauges, intermittent 
subsidence surveillances, and limited to 
rough height measurements that limit 
accurate coastal risk evaluation (WMO, 
2023). Additionally, it is mentioned in 
the Asia-Pacific Disaster Report, 2023 
(ESCAP, 2023) that the elimination of 
data, model, and early warning systems 
gaps is necessary to make operational 
the anticipatory coastal planning.  

The fragile pulse of the 
Malaysian peninsula
The east coast coastal belt, Kelantan-
Terengganu-Pahang, is an ecological 
and economic hotspot of Peninsular 
Malaysia, as well as the southern belt 
of Johor. They support fisheries, tour-
ism, agriculture, and biodiversity. Yet 
they are the locations of sea-level rise, 
mangrove loss, estuarine flooding, and 
saltwater intrusion. These problems do 
not spread in equal measure - neither 
do their solutions. What is required is 
a spatially intelligent, real-time way of 
diagnosing, identifying, and guiding in-
terventions. This is where AI works with 
satellites.

The Asia-Pacific region is a considerable 
bearer of coastal hazards in climatic 
conditions. WMO reports that the rate of 
rise of sea levels along the coasts of the 
Pacific and Indian Ocean in Asia is cur-
rently higher than that of the world, pos-
ing a threat of coastal flooding (WMO, 
2024). According to the State of the 
Climate in Asia 2023 report, the hydro-
meteorological hazard events (mostly 

floods and storms) affected over 9 mil-
lion people in 2023 (WMO, 2023). The 
spatial distribution of the patterns of 
coastal risk is different in the Malaysian 
Peninsula, as shown in Figure 2, which 
plots the National Coastal Vulnerability 
Index (NCVI). It reflects very-high vulner-
ability regions (in red) that are focused 
on the western shores of Selangor 
and Kedah, and the eastern shores of 
Kelantan and Terengganu, which proves 
the skewed distribution of exposure to 
erosion and flood hazards across the 
peninsula (Amiruddin, 2023).

The long coastline in the Peninsula, 
which borders the Strait of Malacca and 
the South China Sea, is very suscepti-
ble in Malaysia. Key challenges include: 

	� Erosion: Malaysia has a consider-
able portion of its coastline that has 
been identified as eroding and poses 
a danger to communities, agriculture, 
and tourism infrastructure.

	� Sea-Level Rise: It is projected that it 
will increase further, and the threat 
of inundation and freshwater aqui-
fers being contaminated with saltwa-
ter will persist.

Figure 2. National Coastal Vulnerability Index (NCVI). Malaysia (by Amiruddin 2023).
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	� Land Use Change: Rapid urbanisa-
tion, agricultural and aquaculture 
deforestation, development of ports 
and other infrastructures have great-
ly changed the sediment transport 
regimes and decreased the natural 
coastal buffer, including mangroves 
(Billah et al., 2023).

	� Extreme Events: Monsoon floods and 
tropical storms are likely to happen 
in the region and result in rapid and 
drastic changes in the coastal areas.

The accruing effects of these factors 
portray the urgency of high-resolution 
monitoring systems, frequent, and ac-
curate monitoring systems to provide 
information on adaptation and mitiga-
tion plans.

Evolution of remote 
sensing in coastal 
monitoring 

Historical context
Remote sensing as a science has 
transformed into a pillar of coast-
al science since the introduction 
of Landsat 1 in 1972, and it started 
as an experimental procedure. The 
earlier spectral algorithms, like the 
Normalized Difference Water Index 
(NDWI), were able to perform simple 
land-water mapping but failed in com-
plicated settings that were hit by tur-
bidity, vegetation, and shadowed build-
ings. As the fields of big data, machine 
learning, and deep learning, and cloud 
computing have advanced, the field 
has passed through another stage of 
multi-sensor integration, significant-
ly enhancing the spatial accuracy and 
time continuity of monitoring the dy-
namics of the coasts.

Optical, radar, and altimetric sensors are 
currently integrated into an interopera-
ble global system. Sentinel-2 is (10 and 
20 m spatial resolution) multiple-spec-
tral imagery of the shoreline and habitat, 
whereas SAR activities like Sentinel-1 
and ALOS/PALSAR can also offer cov-
erage at all times. The revolution of 
measurements of sea-level anomalies, 
tides, and land subsidence has been 
brought by altimetry missions (TOPEX/
Poseidon, Jason series, Sentinel-6 
Michael Freilich) and laser altimetry 

measurements by ICESat-2, playing an 
important role in flood-risk and coast-
al-planning research.

Recent research (ESA, European Space 
Agency, 2020) emphasizes the signif-
icance of harmonised, cross-sensory 
data that amalgamate optical reflec-
tance, radar backscatter, and elevation 
data into single structures - transform-
ing the disaggregate data into a coher-
ent understanding of shoreline change, 
sediment transportation, and risk of in-
undation. The cloud-computing revolu-
tion by the use of Google Earth Engine 
and Copernicus Data Space Ecosystem 
can now process petabytes of imagery 
over the world in long-term and near-re-
al-time. This combination of multi-sen-
sor observation and cloud analytics has 
changed coastal monitoring into a plan-
etary observatory, which observes the 
dynamic connection between land, sea, 
and society.

Deep learning 
implementation at shoreline 
analytics
Deep learning is a paradigm shift from 
rule-based to data-driven analysis. 
CNNs (Convolution Neural Network) 
are able to learn spatial hierarchies of 
features because they can be used to 
classify complex coastal scenes better 
than threshold-based algorithms. Zhao 
et al. (2022) and Khurram et al. (2025) 
showed that U-Net and DeepLabV3+ are 
more effective in accuracy and general-
izability than traditional classification.

Core models
U-Net: U-Net possesses a contract-
ing-expanding architecture with skip 
connections that results in the high lo-
calization accuracy of the land-water 
interface.

DeepLabV3+: It uses atrous (dilated) 
convolution and spatial pyramid pool-
ing, which allows it to capture multi-
scale contextually relevant information; 
hence, it can work across varied coast-
al morphology.

Hybrid models: CNNs further im-
proved by Conditional Random Fields 
(CRFs) or attention mechanisms yield 
more classification edges and less 
misclassification.

Case Study: multi-
decadal shoreline change 
monitoring in Kelantan, 
Malaysia
Kelantan had the most active and ero-
sive behavior along its coastline of the 
four eastern and southern states of 
Malaysia over the 34 years. The shore-
line dataset derived by U-Net and pro-
cessed with the help of DSAS displayed 
extensive and intense retreat and local-
ized areas of accretion (Figure 3). The 
highest linear regression rate (LRR) 
of erosion was around -64.9 m/year 
around the Tumpat estuary near Kota 
Bharu, where erosion was sustained due 
to the interaction of monsoonal waves, 
strong littoral drift, and fluvial flooding 
(the most recent was the 2014 flood).

Though erosional trends prevailed, 
Kelantan did show some examples of 
high accretion rates, up to +47.6 m/
year especially in areas of sheltered 
embayments and depositional condi-
tions caused by large sediment loads 
in the Kelantan River system. The en-
tire Net Shoreline Movement (NSM) 
ranged between approximately 1,885m 
(Movement landward) and +1,629m 
(Movement seaward) and indicated a 
great deal of variability along the coast. 
The shoreline moved by over 1.5-1.9 km 
in various transects, and this revealed 
both erosion and deposition of sedi-
ments (Figure 4). As shown in Table 1, 
key coastal parameters, satellite sen-
sors, and deep-learning methods ef-
fective in the Asia–Pacific region is 
summarized.

The spatial analysis suggests hot spots 
of erosion occur at the mouths of the 
major rivers and bare coastal areas, and 
the accretion on the coast prevails in 
the sediment-laden or structurally pro-
tected sections. The results prove that 
the Kelantan shoreline is subject to the 
products of the interplay of high-energy 
monsoonal processes, riverine discharg-
es of sediments, and episodic flooding, 
which makes it highly vulnerable to an-
thropogenic and climatic disturbanc-
es. In general, the deep learning-based 
DSAS system was able to adequately 
model these fine-scale transitions to 
offer a strong quantitative foundation 
to define essential erosion areas that 
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Figure 3. Schematic workflow of the application of remote sensing multi-decadal shoreline change monitoring in Kelantan, 
Malaysia.

Figure 4. Spatial distribution of shoreline change analysis in Kelantan state: NSM results (1990 - 2024) (by Khurram et al. 
(2025)). 
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should be given priority when develop-
ing future coastal protection and adap-
tive management projects.

Coastal management and 
wider applications

Mapping risk and enhancing 
resilience
The use of AI-based geospatial analytics 
can reveal the interrelationship of 
coastal risks in terms of interrelating 
climatic, hydrological, and human 
components. The overall impact of the 
stresses of the environment is identified 
across the researched coasts, as 
processes of coastal erosion, habitat 
loss, flooding, and salinity intrusion are 
interdependent.

Hotspots in erosion: For a long time, the 
shoreline has been steadily receding, in 
some cases several meters a year, in 
many vulnerable areas, which stresses 
the need to focus on specific adaptation 
and sediment management.

Degradation of the ecosystem: The re-
duction of the mangrove cover and frag-
mentation of the habitats highlight the 

necessity to adopt nature-based solu-
tions where the restoration of the eco-
system must be incorporated as a com-
ponent of climate protection.

Flood exposure: A Predictive model of 
floods assures that intact natural buf-
fers can cut off the extent of inundation 
by half, supporting their usefulness in 
safeguarding livelihoods.

Salinity intrusion: The inland movement 
of saline intrusion into agricultural del-
tas is an indication of growing water and 
food security concerns rising sea levels.

Collectively, such insights can prove that 
AI-enabled remote sensing is superior 
to conventional monitoring it is a de-
cision-support and early-warning sys-
tem. This will help the nations to devel-
op their robust and resilient coasts in 
the long term, as it will enable them to 
develop predictions and governance of 
the coasts.

From data to decisions: the 
governance edge
The AI-satellite framework has its val-
ue of transformation based on its pol-
icy translatability. Scientific knowledge 
is made into an action plan:

	� Zoning and setback control based on 
real-time coastal-risk overlay based 
on AI classification and DSAS change 
indicators.

	� Restoring mangrove corridors that 
give the greatest ecological and so-
cio-economic benefits through reha-
bilitation (Alongi et al., 2023).

	� Community dashboards: Community 
dashboards that combine IoT sen-
sors for tides and Earth-observation 
data to keep people informed 
of floods;

	� Evidence-based climate-adapta-
tion policy, and use of infrastruc-
ture investment as spatially justi-
fied risks evaluation (ESCAP, 2024; 
WMO, 2025)

This is an adaptive, predictive, and par-
ticipatory paradigm of digital environ-
mental governance that fills the old di-
chotomy between information creation 
and operationalization of the decisions. 
Achieving this is possible by integrat-
ing machine intelligence into nation-
al coastal-management processes, 
where Malaysia is able to shift to engi-
neering in a proactive mode, and resil-
ience planning.

Table 1 summarizes key coastal-monitoring parameters, the satellite sensors commonly applied, and deep-learning 
approaches that have proven most effective in the Asia-Pacific context.

Monitoring Parameter Satellite Sensors / Products Data Analytics & Deep Learning Approaches

Shoreline 
Position & Change

Landsat 5-9, Sentinel-2, Sentinel-1 U-Net, DeepLabV3+ for segmentation; 
DSAS for change rate calculation

Coastal Erosion 
& Accretion

Multi-temporal composites from the above 
missions

CNN-based change detection; DSAS (EPR, 
Linear Regression Rate)

Land Use/Land Cover 
(LULC) Change

Landsat, Sentinel-2 Random Forest, Support Vector Machines 
(Ul Din and Mak, 2021); U-Net for semantic 
segmentation

Sea Level Rise & 
Inundation

Satellite Altimetry (TOPEX/Jason series, 
Sentinel-3, Sentinel-6)

Integration with Digital Elevation Models 
(DEMs); ML for flood risk modeling

Mangrove Forest 
Extent & Health

Sentinel-2 (Red Edge bands), Landsat Spectral Indices (NDVI, EVI); CNN models 
for species classification and health 
assessment

Urban Sprawl & 
Impervious Surface

Landsat, Sentinel-2, Very High-Resolution 
(VHR) data (e.g., WorldView)

Spectral Unmixing; DeepLabV3+ for precise 
urban feature extraction
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Building resilient shores: 
Malaysia’s evolving 
coastal strategy
To institutionalize this data-driven resil-
ience model, Malaysia should undertake 
these coordinated reforms:

1.	 Establish a national coastal in-
telligence unit that consolidates 
AI–remote sensing analytics 
within federal and state planning 
agencies, delivering dynamic 
dashboards for shoreline monitor-
ing and zoning alerts (Khurram et 
al., 2025).

2.	 Risk-informed development, 
which entails, before issuing a 
permit to any coastal develop-
ment, that all aquaculture, tour-
ism, and infrastructure must take 
into account certified AI-generat-
ed erosion and flood overlays (ES-
CAP, 2024).

3.	 Invest in nature-based infrastruc-
ture, escalating mangrove resto-
ration and seagrass restoration as 
cost-effective climate shields that 
stabilize sediments, reduce waves, 
and enhance carbon sequestra-
tion (Alongi, 2020; UNEP, 2024).

4.	 Empower local data steward-
ship coaching communities in 
the coastal areas in conducting 
citizen-science validation and in 
engaging local people in partic-
ipatory mapping with access to 
open-source applications such as 
Google Earth and QGIS (Fraisl et 
al., 2022).

5.	 Regionalize the framework across 
ASEAN, expand the Malaysian 
AI-satellite model to the entire 
Southeast Asian coast, and help 
in developing common resilience 
principles and cross-border sed-
iment-management plans (ADB, 
Asian Development Bank, 2024).

Coastal futures, digitally 
defended
In the Anthropocene, defending coasts 
is less about concrete and more about 
cognition. The integration of artificial, 
spatial, and ecological intelligence en-
ables nations to anticipate, rather than 

merely react to, environmental transfor-
mation. Malaysia’s leadership in opera-
tionalizing this AI–remote sensing mod-
el could redefine coastal management 
across the Asia-Pacific, where scientif-
ic foresight becomes the cornerstone of 
sustainability. The satellites are already 
in orbit; the algorithms, in code. What re-
mains is the collective will to turn intelli-
gence into action (Horton et al., 2020).

Conclusion
This study demonstrates that remote 
sensing data analytics offers an effec-
tive, scalable solution for sustainable 
coastal monitoring in the Asia-Pacific, 
as shown in the Malaysian Peninsula 
case studies. By integrating multi-tem-
poral satellite imagery with deep learn-
ing techniques, accurate shoreline and 
land–water dynamics were mapped to 
reveal patterns of erosion and accre-
tion. The approach enhances monitor-
ing efficiency, supports climate-resilient 
coastal management, and aligns with 
global sustainability goals. Overall, re-
mote sensing–based analytics provide 
a robust framework for data-driven de-
cision-making toward protecting vul-
nerable coastal environments. Coastal 
agencies should integrate remote sens-
ing–based monitoring into routine man-
agement frameworks, combine optical 
and radar data for improved accuracy, 
and develop open-access geospatial 
platforms to support community and 
policy-level decision-making for long-
term coastal sustainability.
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Abstract
The paper examines international experience in hydrogen energy financing, 
following the rapid expansion of the global hydrogen market, fuelling interest 
in hydrogen energy elsewhere. The purpose of the paper is to determine the 
sources of financing and features of the financial mechanisms of hydrogen 
programs aimed at boosting economic growth and combating climate 
change. The study provides the development preconditions of the global 
hydrogen market, identifies the factors of investment attractiveness of 
hydrogen projects, and presents the mechanisms for their financing. The 
analysis reveals the predominance of public financing and multilateral global 
initiatives underpinning the emerging hydrogen market. The results of the 
paper determine the methods of risk management for hydrogen energy 
projects and reveal the experience of China, suggesting the economic viability 
of hydrogen projects. The paper reveals the necessity for comprehensive 
risk management of hydrogen projects and concludes on the necessity of 
expansion of financing through the participation of institutional investors 
in the programs for the new types of energy production that are safe for the 
global environment.  

Introduction
Research displays the soar of the con-
temporary hydrogen market, followed by 
skyrocketing investments in hydrogen 
projects. In 2023, global accumulated 
investments in the field reached 29 bil-
lion USD, with the forecast indicator be-
ing assessed at the level of 320 billion 
USD till 2030, the International Energy 
Agency (IEA) reckons (IEA, 2024). 

Increased investments in the hydrogen 
industry require a profound understand-
ing of international practice, sources of 
financing, analysis of the factors influ-
encing investment decision-making and 
public development programs, including 
stimulus and subsidies. 

Practice suggests that decarbonization 
of the global energy balance is the driv-
ing force of facilitating renewables as 
a substitute for fossil fuels, which ac-
count for a major part of greenhouse 

emissions in the energy sector, ag-
riculture and industrial production 
International Renewable Energy Agency 
(IRENA, 2022). In view of the following, it 
is worthwhile to harness the potential of 
hydrogen in hard-to-abate sectors, such 
as aviation, marine and rail transport, in 
remote areas. Besides, wider integration 
of hydrogen into energy-consuming in-
dustries of metallurgy (direct reduced 
iron) and chemicals (ammonia, metha-
nol and plastics) has the potential to fuel 
economic growth. Raising investment in 
the hydrogen industry is crucial for ad-
vancing hydrogen technologies and hy-
drogen commercialization.

Investment attractiveness 
factors
International research suggest that hy-
drogen projects are associated with 

high risks, with less than 10% of their to-
tal amount reaching final investment de-
cisions, as indicated in the International 
Federation for Information data.

Key factors reducing the investment at-
tractiveness of hydrogen projects are 
as follows:

1.	 Immaturity of the hydrogen market, 
lack of clarity, unstable demand and 
limited utilization, which compli-
cates long-term marketing policy;

2.	 Absence of business practice and 
expertise in contiguous industries;

3.	 Absence of commercial ties and 
trade routes;

4.	 Capital intensity and high sensitivi-
ty to cost of financing fluctuations 
amidst macroeconomic turbulence;

5.	 Absence or insufficient infra-
structure; and

6.	 Innovations and high technologi-
cal risk triggering delays in deliv-
ery or project budget deficits.

Key sources of financing for hydrogen 
projects (HP) are provided by banks, in-
tergovernmental financial institutes, in-
stitutional investors, joint-stock com-
panies, including debt financing, grants 
and mixed financing (OECD, 2024).

Standard HP’s funding 
mechanisms 
According to OECD data, Bank lending 
and public grants account for more than 
half of hydrogen projects’ financing, in-
dicating the emergence of the hydro-
gen industry. Current financial structure 
suggests heavy governmental support 
and scarce private investment, whose 
share makes up only 15% of the to-
tal investments, well behind the pub-
lic finance. In the context of the pres-
ent research, bank lending shall be an 
umbrella term for financing from state-
owned banks, commercial banks, inter-
national development banks and inter-
national organizations. A large share of 
bank lending is compiled by multilater-
al development banks (MBDs), export 
credit agencies (ECAs), international 
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economic organizations and specialized 
institutions. Approximately 75% of finan-
cial initiatives for hydrogen energy are 
led by international development banks 
and international organizations, OECD 
assesses (Table 1). 

The enlisted financial institutions secure 
strategic financing for the emerging hy-
drogen industry, mitigating project risks 
and catalysing private capital. Apart 
from that, comprehensive tailor-made 
analysis and sector-specific expertise 
aligned with peculiarities of national hy-
drogen strategies are crucial for creat-
ing a benign investment climate for hy-
drogen projects (IRENA, 2024). 

Public grants have come to be one of 
the most widespread financial practic-
es for hydrogen projects, implying finan-
cial resources from the government in 
exchange for a share in a project. Public 

grants aim at reducing hydrogen cost 
through partial compensation for cap-
ital expenditures, which account for 
up to 40% of the total costs, and thus, 
boosting hydrogen economic competi-
tiveness. Yet, public grants may hamper 
the economic efficiency of a renewables 
project, the World Bank reckons (World 
Bank, 2024). Governmental intervention 
and supervision enhance efficiency of fi-
nancial input. Yet, heavy governmental 
regulation of the project poses a threat 
to management efficiency.

Investors of hydrogen 
industry
It is worth mentioning the diversity of 
numerous hydrogen industry investors 
(Table 2).

International research (OECD, 2024) sug-
gests that China has succeeded in the 
commercialization of hydrogen in trans-
port and other areas, which leads us to 
the hypothesis that hydrogen projects 
can achieve profitability at the stages 
of production, transport and distribution.

Expenses itemizing of 3 projects in 
China (Climate Policy Initiative, 2024) 
was studied to reveal the key charac-
teristics of the financial performance of 
similar projects. The calculations sug-
gest that the average cost of equipment 
is 65 thousand USD, operational costs 
(OPEX) - 2 million USD, construction 
costs – 50 thousand USD, and financ-
ing – 10 million USD. The average finan-
cial indicators are provided in Table 3. 

The data provided demonstrates that 
borrowed capital, represented by bank 
lending, is the key source of financing. 

Table 1: Global financial initiatives for hydrogen energy

Initiator Project

World Bank Scaling Hydrogen Financing for Development, Green 
Hydrogen Support Program, Hydrogen for Development 
Partnership, IBRD PROBLUE

African Development Bank Sustainable Energy Fund for Africa (SEFA), Alliance for 
Green Infrastructure for Africa

Asian Development Bank ADB Institute, Green Hydrogen Innovation Center

International Development Bank Green Hydrogen Bank

European Investment Bank Regional Integration of the Green Hydrogen Chain

International Energy Agency (IEA) Clean Energy Ministerial, Global Ports Hydrogen

Green Hydrogen Organization (GHO) Developing Finance Priority Actions 

International Renewable Energy Agency (IRENA) Energy Transition Accelerator Financing Platform Coalition

Organization for Economic Co-operation and 
Development (OECD)

Clean Energy Finance and Investment Mobilization

United Nations Industrial Development Organization 
(UNIDO)

Green Hydrogen Financing, Regional Integration of 
the Green Hydrogen Supply Value, Global Program for 
Hydrogen in Industry

World Economic Forum (WEF) Acceleration Clean Hydrogen Initiative

(Source: Composed by the authors based on (OECD, 2024).)
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A large share of bank lending pinpoints 
high sensitivity of financing to interest 
rate fluctuations. The global average 
discount rate for renewable energy proj-
ects is 6-10%; meanwhile, in China, it re-
mains at the rate of 8%. Interest rate and 
income tax rates are 5% and 20%, respec-
tively (Yarygina I. et.al., 2023). Capital in-
tensity of hydrogen projects determines 
their high sensitivity to income tax fluc-
tuations. Operation and payback periods 
are calculated as 20 and 5 years, respec-
tively (Taghizadeh-Hesary F. et. al., 2022).

The average IRR for focus groups in 
China makes up 15,38%, well above 
the discount rate of 8% in the amount. 
(IRENA, 2024). Thus, the conducted re-
search proves the economic viability of 
hydrogen projects. 

Institutional investors as 
a factor in hydrogen energy 
financing
Actually, institutional investors are de-
fined as special financial institutions 

that manage savings in the interests of 
private investors, maintain an accept-
able level of risk, with the intent of ob-
taining the maximum investment return, 
backed by the terms and conditions of 
an agreement.

Institutional investors comprise col-
lective investment institutions, pen-
sion funds, and insurance companies 
and participate in the process of direct 
(on their name) or indirect (as agents) 
financing and perform the following eco-
nomic functions:

Table 2: Hydrogen industry investors and their role

Investor Example Role

Government bodies State-owned companies Both lender and shareholder

State-owned and 
commercial banks

State bank of India, HDFC (India), ICICI (India), 
Kreditanstalt für Wiederaufbau (Germany),  
Bank of Baroda (India)

Both lender and shareholder

International financial 
organizations and 
development banks

World bank, European Hydrogen Bank Lender

Investment funds Clean H2 Infra Fund, Hy23, Environmental Fund  
of Namibia, Amazon’s Climate Pledge Fund

Both lender and shareholder

Insurance companies Marsh (USA), Munich Re (Germany) Lender

Industrial conglomerates Japan Steel Works (JSW), ACWA Power (Saudi 
Arabia), Industrial and Port Complex of Pecém 
(CIPP) (Brazil), Scatec (Norway), Lhyfe (France), 
Posco Holdings (Republic of Korea) etc.

Shareholder

(Source: Composed by the authors based on OECD, 2024; UNIDO, 2024; GHO, n.d.; Climate Policy Initiative, 2024; IEA, 2021)

Table 3: Financial indicators of hydrogen projects in China

Indicator Meaning

Discount rate 8%

Equity financing/Debt financing 30%/70%

Interest rate 5%

Income tax rate 20%

Operation period 20 years

Payback period 5 years

Internal revenue rate (IRR) 15,38%

(Source: Composed by the authors based on (Taghizadeh-Hesary F. et. al., 2022).)
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	� they are responsible for the efficient 
distribution of financial resources 
among economic entities;

	� accumulate savings of the popula-
tion and reduce transaction costs;

	� diversify risks and participate in en-
vironmental protection.

The term “institutional investors” is in-
terpreted in the Russian economic litera-
ture relatively broadly and includes both 
non-deposit and deposit intermediaries. 
Some authors limit themselves to list-
ing most financial intermediaries as in-
stitutional investors. At the same time, 
experts of the Bank for International 
Settlements (BIS) define insurance com-
panies, pension funds and various col-
lective investment schemes as institu-
tional investors. In a number of studies 
of Russian economists, the institutional 
investors are considered as non-bank fi-
nancial intermediaries who invest funds, 
which are accumulated during their ac-
tivity, in financial market instruments in 
order to gain profit.

We consider that retail banks cannot be 
classified as classic institutional inves-
tors, since their activity is related to at-
tracting deposits and placing them in 
loans, while institutional investors are 
mostly focused on long-term invest-
ments, required for hydrogen projects. 

It is worthwhile mentioning that the term 
“collective investment” is also wide-
ly used in the Russian Federation and 
relates to non-state pension funds and 
specialized companies. Sometimes, so-
called collective investors are involved 
in raising funds from a large number of 
individuals for their subsequent invest-
ment as institutional investors. The gen-
eral approach of financing the hydrogen 
economy does not prevent from using 
different forms of financing, but our at-
tention is specifically drawn to institu-
tional investors and their possible con-
tribution to hydrogen energy financing.

Having a wide range of investment op-
tions, institutional investors do not limit 
themselves to financial assets available 
on domestic markets. The increasing 
efficiency of information technologies 
and the easing of regulatory restrictions 
have contributed to their global activity. 
The trend towards global investments 
and integration of national capital mar-
kets into the international context has 

accelerated investments in foreign as-
sets (local currencies) and purchase of 
securities, depositary receipts, shares 
of investment funds, etc.

It is worthwhile mentioning that Russian 
pension funds invest up to 30% of their 
assets in social projects. It is important 
to note that green energy and new tech-
nologies projects are considered to be 
of social significance globally. Thus, the 
origin of hydrogen projects itself accel-
erates the cross-border supply of ser-
vices, provided by institutional investors 
and gives way to life insurers and pen-
sion funds to accumulate international 
resources for sustainable economic de-
velopment locally and globally.   

The contemporary research shows 
that the main international trend man-
ifests itself in developing resources for 
green projects and requests improve-
ment of hydrogen production and en-
vironmental protection.  For example, 
the International Energy Agency (IEA) 
estimates that the prevention of major 
climate changes by reducing carbon 
emissions requires an additional $500 
billion to be invested annually, in addi-
tion to the $10.5 trillion of investments 
in 2010-2030. At the same time British 
Petroleum experts consider that in the 
near future, approximately two thousand 
hydroelectric power plants will operate 
worldwide (IEA, 2024). It is worthwhile 
mentioning that electrolysis of water is 
one of the ways to produce hydrogen. 
We should consider it for strategic de-
velopment and planning.

Actually, institutional investors have ac-
cumulated a significant amount of cap-
ital and a variety of instruments well 
known to financial professionals that 
can help to smooth out the consequenc-
es of a significant slowdown in global 
economic growth and ensure energy 
production. Acceleration of institutional 
investors’ activity will be a positive trend 
that will contribute to the green energy 
transition and sustainable development.

Due to financial flexibility and mobility, 
institutional investors play a significant 
role in the global financial architecture, 
which is confirmed by their coopera-
tion with supranational institutions. 
Management of the global capital flows 
and contributes to energy production, as 
well as environmental policy implemen-
tation, changes the role of institutional 

investors in the global economy, turn-
ing them into systemic financial insti-
tutions. Actually, institutional investors 
control more than 80 percent of the US 
stock market capitalization. At the same 
time, private investors, meeting a poli-
cy of strategic investments, control 10 
percent of the UK market. It means that 
institutional investors possess control 
over business (Fitch, 2023).

The results obtained allowed us to draw 
the following conclusions. There are 
several trends for institutional inves-
tors in the hydrogen economy: growing 
competition, passive portfolio manage-
ment strategies, and demand for new in-
vestment instruments to set up securi-
ties portfolios. 

The trend of growing competition is sup-
ported by increasing regulatory require-
ments for the volume of funds and struc-
ture of assets, as well as the constant 
growth in the number of mutual funds, 
offering similar services to the popula-
tion in different sectors of the economy. 

There are also some specific challeng-
es for each type of institutional investor 
that are determined by specific market 
activity of insurance companies, non-
state pension funds, and collective in-
vestment institutions. The main chal-
lenge for the insurance companies is 
the reduction of insurance schemes 
(tax optimization) and the non-state 
pension funds activity. As one of the el-
ements of scientific foresight, forecast-
ing allows us to display possible scenar-
ios for the development of institutional 
investors’ activity in the Russian green 
energy sector. The current market en-
vironment has proved that the authori-
ties should be interested in developing 
domestic non-bank financial intermedi-
aries, which help to transform savings 
into investments.

The activity of institutional investors 
in hydrogen production is insignifi-
cant. Federal loan bonds and depos-
its in leading Russian banks accumu-
late the main share of investments. At 
the same time, based on the analysis of 
investment strategies and market be-
havior of key players, we conclude that 
there is a great potential for institution-
al investors in the hydrogen production 
that promotes the development of indi-
rect financing (Yarygina I. et al., 2022)/
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The following measures help to realize 
the potential of institutional investors 
in the global market and develop their 
activities in green energy production, 
namely, in environmentally friendly hy-
drogen. It is economically reasonable 
to improve taxation of insurance com-
panies and requirements for the struc-
ture of the insurance company’s invest-
ment portfolio, as well as legislation, 
by creating a unified code of responsi-
ble investments. It is also very import-
ant to promote cooperation between in-
surance, production and management 

companies, as well as increase infor-
mation transparency of non-state in-
vestment funds. Clarification of the 
rights and obligations of participants 
of the non-state investment funds mar-
ket, primarily in strategic spheres of the 
economy, will certainly contribute to the 
activity of institutional investors in dif-
ferent spheres of the economy, namely, 
in new types of energy production. The 
above-mentioned measures contribute 
to financial resources accumulation in 
the interest of sustainable economic 
growth and environmental protection.

Risk mitigation strategies 
for hydrogen projects
In view of the substantial risks inherent 
in hydrogen projects, it is indispensable 
to crystallize a comprehensive approach 
to risk management to enable their eco-
nomic viability and investment appeal. 
Key risk factors impacting hydrogen 
projects’ attractiveness and their possi-
ble mitigation tools are listed in Table 4.

According to the information presented 
in Table 4, global practice demonstrates 

Table 4: Key risk factors impacting hydrogen projects and their mitigation ways

Risk mitigation 
tools / Risks

Uncertain 
market demand

Country  
risks

Technological  
risks

Environmental, 
Social, 

Governance-risks

Macroeconomic  
risks

ECAs’ cover + + +

Contractors-all-risk 
insurance (SAR) + + +

Contracts for 
difference (CFD) + +

Due diligence + + + + +

Syndicated loan + + +

Interest rate swaps + +

Liquidated damages +

Credit-default 
swaps (CDS) + + +

Foreign 
currency guarantee + +

Loan loss reserve (LLR) + + +

Off-take guarantee + + +

Performance guarantee + +

Foreign 
investment insurance + +

Partial credit guarantee + + +

(Source: Composed by the authors based on (Bjerde, A. et al., 2024; Climate Policy Initiative, 2024; Cordonnier, J. and D. Saygin, 
2023; Pillay K. et al., 2025).)
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deal structuring and calculations of in-
dicators of source origin.

Global practice suggests that state-pri-
vate partnership (SPP) secures be-
nign and enabling factors and hydro-
gen projects (Global Infrastructure 
Hub, 2020), by providing favourable 
conditions for their implementation. 
Deploying SPP in innovative projects 
provides equal distribution of risks 
between all the parties involved, thus 
securing efficient economic contribu-
tion of both public (PUB) and private 
(PRI) parties. The results of our study 
of SPP hydrogen projects are provid-
ed in Table 5.

The provided data are typical. In a vari-
ety of cases, peculiarities of hydrogen 
production and distribution require ad-
justed indicators. It is worthwhile to pin-
point that up to 85% of hydrogen proj-
ects have secure financing within the 
framework of public and intergovern-
mental development projects (OECD, 

2024). Meanwhile, the involvement of 
private actors is curbed due to existing 
economic constraints. On the contrary, 
national financial architecture is deter-
mined by the maturity of the hydrogen 
market, with inherent risks hampering 
the inflow of private capital to the de-
veloping industry. 

Conclusion
Analysis of global hydrogen energy fi-
nancing demonstrates that the indus-
try is emerging, yet at a strategical-
ly significant stage of development. 
Skyrocketing inflow of investments re-
flects both joint efforts for decarbon-
ization and the unleashing potential of 
hydrogen for hard-to-abate industrial 
sectors. Notwithstanding the strategic 
role of hydrogen in tackling climate is-
sues, private investments are curbed by 
market immaturity, technological con-
straints and high capital intensity of 
hydrogen projects. Consequently, the 

current financial architecture of the hy-
drogen market is dominated by public fi-
nance and multilateral global initiatives, 
well above private investments. 

The analysis underpins the necessity to 
develop a comprehensive approach to 
risk mitigation and project management 
to unlock private investments and un-
leash the potential of the hydrogen in-
dustry. The study suggests that, along 
with the SPP mechanism deal, structur-
ing and financing from intergovernmen-
tal development organizations come as 
a crucial aspect of risk mitigation with-
in the framework of long-term econom-
ic programs.
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Abstract
As climate change triggers a surge in water-related disasters—ranging from 
severe flooding to water pollution—across the Asia-Pacific region, there is an 
urgent need for innovative research and development frameworks that tran-
scend the limitations of conventional closed-laboratory research. This study 
proposes a digital-twin-based living lab model currently established by the 
Korea Institute of Civil Engineering and Building Technology (KICT) at the 
Andong River Experiment Center (REC) in the Republic of Korea. This model 
integrates a computing continuum architecture with zero-shot learning artifi-
cial intelligence to address tangible challenges, such as the detection of river-
ine floating debris and flood prediction. Furthermore, this study analyzes how 
these experiential education programs operated by the REC for students and 
citizens drive the popularization of science and technology, while contribut-
ing to the achievement of UN Sustainable Development Goals (SDGs) 4 and 
13. Finally, we present a roadmap for technology transfer and cooperation to 
enhance the climate resilience of UN ESCAP member states.

Introduction
Water resource management in the 21st 
century has been confronted with an un-
precedented landscape of uncertainty. 
Conventional frequency analyses, which 
are based on meteorological data accu-
mulated over the past century, no longer 
serve as reliable indicators for predict-
ing future rainfall patterns. The Asia-
Pacific region is one of the areas glob-
ally most vulnerable to natural disasters. 
In this region, rapid urbanization com-
bines with accelerating climate change, 
significantly amplifying the unpredict-
ability of water management.

According to reports by the UN ESCAP 
(2023), water-related disasters such 

as floods, droughts, and typhoons are 
evolving beyond environmental shocks 
into complex social disasters that 
threaten regional economies and exac-
erbate poverty (Seddik and Sovacool, 
2025). In particular, the discord between 
the intense, concentrated rainfall char-
acteristics of the monsoon climate zone 
and aging water resource infrastructure 
makes disaster response increasingly 
challenging.

Decision-making based on rigorous sci-
entific data and precise simulations is 
essential to establish effective climate 
adaptation policies. However, a sig-
nificant number of developing mem-
ber nations - Lao People’s Democratic 
Republic (Lao PDR), Cambodia, Nepal, 

and Bangladesh - face profound diffi-
culties in implementing preemptive di-
saster management because of the 
absence of high-cost experimental facil-
ities, a shortage of specialized person-
nel, and issues regarding data reliability.

Against this backdrop, the Andong 
River Experiment Center (REC) of the 
Korea Institute of Civil Engineering and 
Building Technology (KICT) proposed 
an experimental solution that com-
bines physical infrastructure with dig-
ital technology. The REC has evolved 
beyond a simple research facility into 
a Living Lab—an ecosystem in which 
various stakeholders participate in ver-
ifying technologies and solving social 
problems in an environment that close-
ly mimics a natural river.

The objectives of this study are to in-
troduce REC’s Digital Twin-Based Living 
Lab model in detail and identify how this 
model simultaneously achieves tech-
nological innovation and social educa-
tion. Specifically, this study focused on 
1) computing continuum technology 
that bridges physical experiments and 
virtual models, 2) concrete case stud-
ies of river debris and flood manage-
ment using artificial intelligence (AI), 3) 
the achievements of educational pro-
grams designed for the popularization 
of science, and 4) strategies for diffus-
ing these technologies throughout the 
Asia-Pacific region.

Andong REC
Technologically supporting the sustain-
able use of natural resources requires 
verification at a scale identical to that 
of actual rivers, specifically through pro-
totype empirical experiments. The REC 
of KICT is an empirical research facility 
specifically established to resolve such 
engineering challenges.

Located in Andong-si, Gyeongsangbuk-
do, the Republic of Korea, the center is 
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a hydraulic experimentation facility ca-
pable of reproducing the hydraulic and 
hydrological phenomena of actual riv-
ers on a real scale. It was constructed 
on a site with a total area of 192,051 
m² site. Although most hydraulic exper-
iments rely on reduced-scale models—
thereby necessitating the acceptance 
of errors such as the scale effect1—
the REC has a large-capacity pumping 
station capable of supplying water at 
a maximum flow rate of 10 m³/s (10 
tons per second) and three large-scale 
experimental channels. This infrastruc-
ture enables the replication of natural 
river flows without distortion. This im-
plies the capability to artificially gener-
ate flood events, optimizing the facility 
for simulating extreme rainfall events 
that are becoming more frequent ow-
ing to climate change.

The success of large-scale experiments 
and the accuracy of digital twins depend 
entirely on the quality of the input data 
(Fuller et al., 2020). The REC is equipped 
with state-of-the-art instrumentation, 
including Acoustic Doppler Current 
Profilers (ADCP), underwater laser par-
ticle-size analyzers, 3D laser scanners, 
and ultra-precision Real Time Kinematic 
(RTK) GPS, to ensure this quality. These 

1 �Scale effect denotes the deviation of experimental results in a reduced-scale model from those in the full-scale prototype, 
leading to potential distortions in the experimental results compared to real phenomena.

instruments measure variables, such as 
bed fluctuation, vegetation resistance, 
and flow velocity distribution, down to 
the millimeter scale. This provides the 
foundational data necessary to repli-
cate reality within digital space, serv-
ing as a critical element in bridging the 
gap between physical reality and digi-
tal models.

Theoretical background 
and technical framework
In the water sector, a Living Lab refers to 
an open ecosystem in which technology 
suppliers (researchers) and demanders 
(citizens and the government) interact in 
a real-world environment to achieve in-
novation (Hossain et al., 2019). The REC 
functions not as a closed laboratory, but 
as an open outdoor testing ground. It 
serves as a platform that simulates var-
ious disaster scenarios and shares the 
results with the local community and ed-
ucational sector, thereby enhancing the 
social acceptance of new technologies 
(Song and Sung, 2025).

The digital twin of the REC operates 
on a computing continuum architec-
ture (Beckman et al., 2020), which 

integrates resources across three dis-
tinct layers to optimize performance and 
responsiveness.

	� Edge Layer (Field Site): Internet of 
Things (IoT) sensors and intelligent 
closed-circuit televisions (CCTVs) in-
stalled throughout the river channels 
collect raw data. Lightweight AI mod-
els are deployed directly on these 
edge devices to perform initial anal-
ysis (for example, initial recognition 
of debris objects), enabling immedi-
ate data processing at the source.

	� Fog Layer (Local Center): The data 
collected from the edge is transmit-
ted to a local server. Here, data pre-
processing and short-term predictive 
modeling are performed. This layer 
acts as an intermediary, reducing 
the latency and filtering data before 
reaching the central cloud.

	� C l o u d / H i g h - P e r f o r m a n c e 
Computing (HPC) Layer (Central 
Analysis): Complex tasks such as 
computational fluid dynamics simu-
lations and long-term climate change 
predictions are performed using HPC 
resources. The results of these in-
tensive calculations are input back 
to the edge layer, thereby enabling 

Figure 1: View of the River Experiment Center (REC) (Source: River Experiment Center, KICT)
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real-time response mechanisms 
(Buyya & Srirama, 2019).

A critical challenge in disaster manage-
ment is that disaster data have a low fre-
quency of occurrence, which makes it 
difficult to obtain sufficient training data-
sets for AI. To overcome this problem, 
the REC introduced zero-shot learning 
techniques. This approach combines 
large language models with vision mod-
els to identify new types of river de-
bris or anomalies that the system has 
not previously learned using only text 
prompts for identification. This method-
ology significantly decreases the costs 
associated with data labeling, opening 

the possibility of low-cost AI solutions 
suitable for developing nations (Li et 
al., 2017).

The adoption of digital twin technology 
for water disaster management in the 
Asia-Pacific reveals a stark digital di-
vide. While advanced economies such 
as Singapore and Japan leverage city-
scale, real-time integrated platforms 
(Smart Nation and Digital Government 
Office (SNDGO), 2022; Ministry of Land, 
Infrastructure, Transport and Tourism 
(MLIT), 2022), developing member 
States are hindered by systemic infra-
structure and capacity bottlenecks. 
Consequently, a distinct multi-tier 

structure has emerged wherein mid-ti-
er nations employ partial solutions—
such as early-stage digital twin appli-
cations in basin-scale flood modelling 
systems in Thailand (Hydro–Informatics 
Institute (HII), 2021)—while lower-tier 
nations continue to struggle with fun-
damental data fragmentation and sen-
sor maintenance (World Meteorological 
Organization (WMO), 2021).

Crucially, the direct transfer of high-end 
digital twin models to developing econ-
omies has proven unsustainable, as the 
primary barrier is not hardware avail-
ability but operational continuity. High-
fidelity models depend on continuous, 

Figure 2: Computing continuum (Beckman et al., 2020)

Figure 3: Waste detection using VLM (zero-shot learning) (Source: SimLab of Hanbat National University)
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high-precision data streams, yet re-
source-constrained environments fre-
quently suffer from equipment malfunc-
tions and data gaps (World Bank, 2020). 
Moreover, long-term projects often fail 
due to a shortage of the local technical 
expertise required for regular sensor cal-
ibration and system repair.

To successfully expand digital twin 
adoption, stakeholders must therefore 
shift from a strategy of “high-end rep-
lication” to “context-appropriate ad-
aptation.” This approach necessitates 
deploying low-cost sensor networks 
augmented by AI-based data enhance-
ment to overcome hardware limitations, 
while simultaneously adopting modu-
lar architectures that allow for scalable 
growth rather than demanding immedi-
ate, full-system integration (Fuller et al., 
2020). Finally, investment must be reori-
ented from capital-intensive facilities to-
ward sustainable training programs fo-
cused on basic hydraulic measurement 
and model operation. 

Considering these pronounced dispar-
ities in digital twin readiness, particu-
larly the persistent challenges related 
to data continuity, sensor maintenance, 
and institutional capacity in lower-ti-
er economies, the need for empirical-
ly grounded and operationally feasible 
implementation models becomes ev-
ident. Accordingly, the Andong River 
Experiment Center offers a rigorous 
case study through which the integra-
tion of large-scale physical hydraulic 
experiments with digital twin method-
ologies can be examined for their ap-
plicability to real-world water disaster 
management.

Case studies for social 
problem-solving

Case 1: AI-based 
automated detection 
system for floating river 
debris
Plastic waste in Asian rivers represents 
a severe problem; during floods, it ob-
structs bridges and drainage outlets, 
causes overflows, and eventually flows 

into the ocean, thereby destroying ma-
rine ecosystems. Traditional visual mon-
itoring is limited in its ability to cover 
vast areas and is highly labor-intensive.

To address this issue, the REC research 
team, in collaboration with Hanbat 
National University, is developing an in-
telligent-monitoring system that inte-
grates the YOLO v5 object detection al-
gorithm with vision language models.

	� Experimental setup: Various float-
ing objects, such as plastic bottles, 
Styrofoam, and driftwood, were in-
troduced into the experimental chan-
nels. Video footage was secured us-
ing CCTVs and drones. Data were 
collected for 3 years (2023-2025) 
under various environmental vari-
ables (daytime, nighttime, illumi-
nance, light intensity, angle of light), 
including changes in lighting condi-
tions and adverse weather scenarios, 
to ensure robustness of the system 
under varying conditions.

	� Real-time detection: The developed 
AI model successfully detected and 
classified floating debris, with an 
average accuracy exceeding 90% 
(Source: SimLab of Hanbat National 
University).

	� Volume estimation and decision 
support: Beyond simple detection, 
the system utilized pixel segmenta-
tion technology to calculate the vol-
ume of trash in real time. This capa-
bility enables local governments to 
implement data-driven administra-
tion, such as optimizing the dispatch 
schedules of collection trucks and 
prioritizing the management of loca-
tions with a high debris influx (van 
Lieshout et al., 2020).

Case 2: Flood simulation 
and vegetation 
management guidelines
Vegetation in natural rivers (trees and 
grasses) is ecologically vital; however, 
during floods, it acts as an obstacle to 
water flow, causing water levels to rise. 
Balancing vegetation conservation with 
flood safety (hydraulic control) is a per-
sistent challenge in river management.

The REC conducted real-scale vegeta-
tion channel experiments for 5 years 

(2021-2025) in cooperation with the 
Aalto University in Finland and Deltares 
in the Netherlands.

	� Methodology: Vegetation zones 
with varying densities and arrange-
ments were created, and flood flows 
were discharged through the zones. 
Variations in the flow velocity and 
water levels were measured in 3D.

	� Application: The data were used to 
calibrate the roughness coefficients 
of the numerical models. The accura-
cy of the floodwater level prediction 
models was significantly improved 
by precisely calculating the flow re-
sistance caused by vegetation.

	� Outcome: The experimental results, 
regarding the flow resistance of densi-
ty variation, provide a scientific basis 
for establishing vegetation manage-
ment guidelines that minimize flood 
risk while preserving ecosystems. By 
quantifying changes in the roughness 
coefficient based on vegetation, this 
work continues to be researched un-
der the national research and develop-
ment projects of the Korean Ministry 
of Environment (e.g. Nature-based 
Solution project) and is cited as a 
benchmark case for climate-adap-
tive river management in Korea.

Science popularization 
and educational impact
The living lab at the KICT REC functions 
as a comprehensive platform that inte-
grates research and development with 
Education and Civic Engagement. This 
integration plays a pivotal role in the dif-
fusion of the social value of technology.

The REC operates systematic education-
al programs targeting elementary, mid-
dle, high schools in the Gyeongsangbuk-
do region, as well as university students 
from across the nation.

	� Experiential Learning: Students step 
out of the classroom and into the re-
al-scale river experiment site. They 
operate drones to scan the terrain 
and virtually experience the down-
stream impacts of dam construc-
tion simulated through digital twin. 
For instance, on November 19, 2025, 
the REC hosted 39 students from 
Andong Seohu, Namseon, and Gilju 
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Figure 5: Demonstration of drone-based river monitoring systems at the REC Open Lab event (Source: River Experiment 
Center, KICT)

Figure 4: Andong Integrated Education X AI Digital Collaboration Program (Source: River Experiment Center, KICT)
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Elementary Schools. These students 
participated in drone operation and 
digital twin simulations (Figure 4).

	� Connecting theory to reality: These 
programs demonstrate how ab-
stract scientific principles are ap-
plied to solve actual social problems 
(floods and droughts), thereby culti-
vating students’ scientific interests 
and problem-solving capabilities.

	� Sustainable Development Goal 
(SDG) Contribution: This contrib-
utes directly to UN SDG 4 (Quality 
Education). REC helps bridge the 
educational gap by providing oppor-
tunities to experience cutting-edge 
technology, particularly for students 
in regional cities.

The REC regularly hosts Open Lab 
events. Local residents are invited to 
observe demonstrations of flood pre-
vention technologies and communi-
cate directly with researchers, thereby 
increasing their understanding of water 
management policies. This represents 
the practice of Citizen Science, where 
citizens function not merely as benefi-
ciaries, but also as active monitors and 
participants (Buytaert et al., 2014).

Regional strategy: 
Cooperation and diffusion 
in the Asia-Pacific region
The REC aims to share its estab-
lished infrastructure and accumulated 

knowledge with UN ESCAP member 
countries to enhance the climate re-
silience of the entire region. However, 
this strategy focuses on technology 
transfer, recognizing that it is difficult 
for developing nations to immediately 
construct large-scale experimental fa-
cilities that require massive budgets. 
This approach involves packaging vali-
dated low-cost IoT sensor packages and 
open-source analysis software, coupled 
with joint research and workforce train-
ing to enhance social problem-solving 
capabilities.

Therefore, a three-phase cooperation 
roadmap is proposed.

	� Phase 1: Standardization and base-
line establishment

	 Utilizing real-scale experimental fa-
cilities at the REC, we will verify and 
standardize the performance of AI 
flood prediction models and low-cost 
sensor networks specifically special-
ized for the Asian-Pacific monsoon 
climate including India, Bangladesh, 
Pakistan, Viet Nam, Thailand, 
Philippines, Indonesia, China, the 
Republic of Korea, and Japan. This 
establishes a reliable baseline for 
the technologies deployed across 
the region.

	� Phase 2: Remote access and plat-
form sharing

	 We will open a cloud-based labora-
tory that will allow countries lack-
ing physical experimental facilities 
to remotely access the digital twin 

system at the REC. Member nations 
can input their local river data and 
run simulations. This approach re-
duces cross-border travel costs and 
maximizes the efficiency of research 
collaboration.

	� Phase 3: Education and operational 
model export

	 Beyond simple technology transfer, 
we will provide structured operation-
al know-how and educational curric-
ula from the REC. By offering invita-
tional training for policymakers and 
engineers and localized custom edu-
cation, we will support capacity build-
ing to enable member countries to in-
dependently construct sustainable 
water management ecosystems 
(Antonesi et al., 2025).

Furthermore, the REC implements 
an empowerment program that fos-
ters regional cooperation and shared 
growth by partnering with local govern-
ment bodies, including municipal edu-
cation offices. Under this initiative, the 
REC opens its research infrastructure 
to the regional community to co-orga-
nize hands-on learning activities and 
capacity-building workshops. This col-
laborative framework not only advanc-
es SDG 4 by broadening access to qual-
ity Science, Technology, Engineering, 
and Mathematics (STEM) education 
but also supports SDG 13 by equip-
ping local stakeholders with the tech-
nical and institutional expertise to ad-
dress climate-related water challenges. 
By synthesizing education, public-sector 

Figure 6: Simulation for workload planning integrated with AI (Source: SimLab of Hanbat National University)
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collaboration, and open infrastructure, 
the program offers a practical pathway 
for regions to enhance both climate 
resilience and long-term sustainable 
development.

Lessons learned and 
recommendations
Experience across the Asia-Pacific re-
gion indicates that the primary barrier to 
digital twin adoption is not technological 
capability, but operational sustainability.

	� Data scarcity vs. Model precision: 
High-fidelity models frequently fail in 
developing member States because 
necessary field data—specifically 
regarding water levels, flow veloci-
ty, debris movement, and vegetation 
roughness—is either non-existent or 
fragmented (Hrachowitz et al., 2013).

	� Infrastructure fragility: Projects rely-
ing on expensive, high-maintenance 
sensor networks are often discontin-
ued within one to two years due to 
systemic constraints, including un-
stable power grids, hardware mal-
functions in harsh environments, and 
a critical shortage of technical staff 
(Rogers & Tsirkunov, 2019).

	� The “Over-Engineering” trap: attempt-
ing to deploy full-scale, high-end sys-
tems immediately often leads to re-
source exhaustion. Sustainable 
operations must take precedence 
over advanced technical features to 
ensure long-term viability.

To address these challenges, member 
States and technical partners should 
adopt a context-appropriate, phased 
deployment strategy.

	� Adopt a “Remote Validation” mod-
el: Countries lacking domestic ex-
perimental facilities should utilize 
regional hubs, such as the Andong 
River Experiment Center, to generate 
high-quality calibration data. These 
large-scale physical experiments pro-
vide a reliable substitute for missing 
field data, reducing model uncertain-
ty without requiring expensive local 
infrastructure.

	� Shift to lightweight and hybrid tech-
nologies: Governments should move 
away from fragile, capital-intensive 
hardware toward robust solutions 

like CCTV-based monitoring com-
bined with edge-AI modules. This 
approach offers high operational im-
pact with minimal reliance on contin-
uous internet connectivity or special-
ized maintenance.

	� Structure systems with layered ar-
chitecture: Digital twins should be 
distributed across layered resourc-
es utilizing edge devices for immedi-
ate processing, local servers for data 
aggregation, and reserving national/
cloud HPC only for complex simula-
tions. This prevents over-investment 
in high-end infrastructure.

	� Implement phased and modular de-
ployment: Avoid “all-or-nothing” im-
plementation by beginning with 
specific, high-value modules (e.g., 
flood-level prediction or roughness 
calibration). This step-by-step scal-
ing builds capability before expand-
ing to fully integrated systems.

	� Standardize through regional collab-
oration: Developed modules should 
be standardized and shared through 
APCTT and ESCAP networks. 
Collaborative development will re-
duce duplication and allow member 
States to adopt “plug-and-play” solu-
tions tailored to common hydrologi-
cal problems.

	� Institutionalize through community 
engagement: Technology cannot sur-
vive in a vacuum. Establishing student 
programs and “Open Laboratories” 
fosters public understanding and in-
stitutional acceptance, increasing the 
likelihood that digital twins will be in-
tegrated into long-term disaster man-
agement protocols.

Conclusion
The most powerful weapon tool humans 
possess is scientific evidence of the 
colossal threat of climate change. We 
must move away from uncertainty-driv-
en assumptions or overly conventional 
engineering designs and adopt an atti-
tude that acknowledges the complexity 
of nature by measuring and analyzing it 
with precision.

The Andong River Experiment Center is 
at the forefront of this scientific inquiry. 
The water and plants flowing here are 
not merely the subjects of the experi-
ment; they constitute a testing ground 

that reveals optimal solutions for the co-
existence of humanity and nature.

Furthermore, the case of the Andong 
REC demonstrates how the conver-
gence of digital twins and living labs 
can solve complex social problems 
during a climate crisis. Technical inno-
vation based on the computing contin-
uum has heightened the precision of 
disaster management, whereas educa-
tion and civic participation through the 
Living Lab have proven the social value 
of science and technology.

An organic connection among 
Technology, People, and Cooperation 
is essential for a sustainable future in 
the Asia-Pacific region. The KICT REC 
is poised to become a pillar in building 
a network that makes Asia safe and re-
silient to floods and droughts by actively 
sharing its proven technology platforms 
and educational programs with ESCAP 
member nations. We propose that pol-
icymakers and research institutions 
participate in this cooperative model 
to implement cross-border climate ac-
tion (SDG 13).
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Abstract
Accelerating climate change and ecosystem degradation make sustain-
able resource use an urgent global priority. This paper examines Thailand’s 
Hydro‑Informatics Institute (HII) and its integrated approach to advancing da-
ta‑driven Nature‑based Solutions (NbS) for water resilience. The framework 
combines traditional ecological knowledge with modern Science, Technology, 
and Innovation (STI), aligned with Thai Royal Development concepts, such as 
“Three Forests, Four Benefits” and “New Theory Agriculture.”

The Mae La Oup River Basin Network Community in Chiang Mai illustrates the 
model’s efficacy. Confronting land tenure ambiguity and water scarcity, the 
community adopted participatory Community Water Resource Management 
(CWRM) in 2009. Interventions included community‑led land use maps, 394 
check dams, and solar‑powered greenhouses with post‑harvest technologies 
(Hydro-Informatics Institute, 2021).

Results show improved ecological and economic resilience: diversified farm-
ing supported by smart technology raised household incomes while reducing 
flood and drought risks. The study concludes that converging NbS, technol-
ogy, and community empowerment provides a scalable pathway to achieve 
the SDGs and strengthen regional climate adaptation.

Introduction
Sustainable use of natural resources 
has become an urgent global impera-
tive amid accelerating climate change. 
Intensifying temperature anomalies, 
hydrological shifts, the increasing fre-
quency of extreme weather events, 
and ecosystem degradation are plac-
ing unprecedented pressure on nat-
ural systems and communities, fur-
ther increasing the vulnerability of 
societies and economies worldwide 
(Intergovernmental Panel on Climate 
Change, 2022).

These challenges highlight the need for 
strategies that enhance resilience while 

preserving ecosystem integrity. Ensuring 
that natural resources are managed re-
sponsibly is not only essential for envi-
ronmental protection but also for safe-
guarding livelihoods, food security, and 
long-term resilience.

Within this context, Nature-based 
Solutions (NbS) have gained promi-
nence as an integrated approach that 
leverages natural processes to address 
societal challenges, including climate 
adaptation, disaster risk reduction, and 
sustainable water management. NbS 
encompasses the protection, resto-
ration, and sustainable management 
of ecosystems to generate environmen-
tal, social, and economic co-benefits 
(International Union for Conservation 

of Nature, 2020). By working with na-
ture rather than against it, NbS offers 
cost-effective, scalable, and inclusive 
pathways toward sustainability.

To maximize the effectiveness of NbS, 
the integration of modern technology is 
indispensable. Advanced tools, such as 
automated telemetry stations, remote 
sensing, geographic information sys-
tems (GIS), hydrological modelling, and 
data-driven decision-support platforms, 
enhance the ability to track ecosystem 
dynamics and evaluate impacts. These 
technologies also improve the preci-
sion, efficiency, and monitoring capaci-
ty of NbS initiatives, helping to optimize 
long-term planning (UN Environment 
Programme, 2021).

Integrating traditional ecological knowl-
edge with digital technologies facili-
tates the development of Nature-based 
Solutions that are not only scientif-
ically robust and practically imple-
mentable but also precise, scalable, and 
cost-effective.

In Thailand, the Hydro-Informatics 
Institute (HII) serves as a primary cat-
alyst for advancing data-driven Nature-
based Solutions (NbS). Leveraging hy-
dro-informatics platforms, climate 
resilience initiatives, and communi-
ty-based water resource management, 
HII bolsters national endeavours to de-
ploy adaptive, evidence-based strate-
gies that fortify natural resource gov-
ernance. The integration of NbS with 
innovative technologies strengthens 
institutional capacity, fosters region-
al collaboration, and delivers tangi-
ble impacts for communities. Through 
strategic partnerships and knowledge 
dissemination, HII demonstrates the 
efficacy of a science-based, technolo-
gy-enabled, and nature-centred para-
digm in enhancing sustainable resource 
management amidst climate change. 
These initiatives underscore Thailand’s 
broader commitment to sustainability, 
climate adaptation, and the deployment 
of innovation to mitigate environmental 
challenges.
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Conceptual framework

Nature-based Solutions
Nature-based Solutions (NbS) are under-
pinned by the principle that healthy eco-
systems, when protected, restored, and 
sustainably managed, provide essential 
services capable of addressing societal 
challenges. This framework emphasiz-
es working synergistically with natural 
processes—rather than relying solely on 
engineered interventions—to enhance 
resilience, support biodiversity, and de-
liver long-term socio-economic benefits 
(IUCN, 2020). To operationalize this con-
cept within water resource management 
and climate adaptation, three core prin-
ciples, Watershed Restoration, Wetland 
Utilization, and Rainwater Management, 
are applied.

1.	 Watershed restoration: This ap-
proach prioritizes the rehabili-
tation of degraded catchments 
through reforestation and soil 
conservation. By restoring natural 
vegetation and stabilizing slopes, 
these interventions improve hydro-
logical functions, specifically infil-
tration and flow regulation, there-
by securing water supplies and 
mitigating flood risks (Browder et 
al., 2019).

2.	 Wetland utilization: Recognizing 
wetlands as multifunctional as-
sets that simultaneously provide 
ecological services and safeguard 
human settlements, this principle 
leverages their natural capacity 
for water retention and filtration. 
Wetlands act as critical buffers 
against hydrological extremes, 
effectively managing floodwaters 
and improving water quality, which 
offers a resilient complement to 
engineered infrastructure (Ramsar 
Secretariat, 2018).

3.	 Rainwater management: Focused 
on mimicking natural hydrologi-
cal cycles, this principle employs 
green infrastructure and decentral-
ized storage to manage rainfall. 
Techniques such as permeable 
surfaces and community-based 
rainwater harvesting integrate nat-
ural hydrological processes into 
urban and rural planning, thereby 
reducing surface runoff and en-
hancing groundwater recharge. 

These strategies are particularly 
critical in rapidly urbanizing en-
vironments to mitigate localized 
flooding and disaster risks, while 
simultaneously bolstering water 
availability and promoting sustain-
able usage (UN-Habitat, 2020).

The effectiveness of NbS is maximized 
by bridging traditional ecological knowl-
edge with modern science, technology, 
and innovation. The integration of da-
ta-driven tools—such as hydrological 
modelling and Geographic Information 
System (GIS)—ensures that these na-
ture-centred solutions are scientifically 
robust, scalable, and optimized for long-
term sustainability. By aligning ecolog-
ical processes with human needs, NbS 
provides a clear pathway toward cli-
mate resilience and sustainable water 
governance.

Science, Technology, and 
Innovation for community 
water resource management
HII’s Science, Technology, and 
Innovation (STI) for Community Water 
Resource Management or CWRM, 
grounded in active participation from 
local villagers, strengthens local own-
ership and enhances community capac-
ity to manage water resources sustain-
ably under diverse conditions, including 
floods and droughts (Hydro and Agro 
Informatics Institute, 2016). HII works 
closely with local villagers by provid-
ing training in technologies that are ap-
propriate to the local context. This ap-
proach ensures that modern scientific 
tools are adapted to community needs 
and combined with indigenous knowl-
edge, enabling villagers to manage wa-
ter resources effectively while preserv-
ing their cultural traditions.

The integration of science, technology, 
and information systems has enabled 
communities to systematically collect 
essential data, diagnose root causes 
of local water challenges, and devel-
op planning strategies that are best 
suited to their circumstances (Hydro-
Informatics Institute, 2021). This partic-
ipatory approach ensures that solutions 
are not only technically sound but also 
socially accepted and locally relevant.

Information technology: Information 
technology plays a central role in 

strengthening CWRM. Geographic 
Information Systems (GIS) provide 
communities with powerful tools to 
capture, analyse, and visualize geo-
graphic information, enabling them to 
map resources, monitor water flows, 
and plan for disaster preparedness. 
Global Positioning System (GPS) re-
ceivers complement this by offer-
ing precise location data, which is in-
valuable for land and water surveys. 
Together with satellite imagery and 
land use maps, these technologies al-
low villagers to better understand their 
local context, clarify land use patterns, 
and create visual guides for compre-
hensive future planning. Automated te-
lemetry stations further enhance local 
capacity by continuously measuring 
water levels, precipitation, temperature, 
and humidity, transmitting data in real 
time for use in water modelling, fore-
casting weather, and disaster warning 
systems (Hydro and Agro Informatics 
Institute, 2018).

Water data, mapping, and security: 
Effective community water resource 
management relies on the systemat-
ic use of water data, water maps, and 
water diagrams. These tools provide 
essential information for analysing lo-
cal hydrological conditions and devel-
oping resource management plans. By 
combining quantitative data with spa-
tial mapping and flow diagrams, com-
munities are better equipped to cope 
with flood and drought risks, strength-
en water infrastructure, and enhance 
their capacity to manage local re-
sources (Hydro and Agro Informatics 
Institute, 2017). Such integrated ap-
proaches ensure that decision-mak-
ing is based on a shared and accurate 
understanding of water availability and 
distribution.

Equally important is the pursuit of wa-
ter security, which encompasses the 
reliable availability of sufficient water 
for consumption, agriculture, and oth-
er essential uses throughout the year. 
Improving water security requires in-
creasing water capital—through mea-
sures such as storage, reuse, and con-
servation—and ensuring adequate 
water reservations to buffer against 
seasonal variability and climate ex-
tremes. By securing water resourc-
es in this way, communities can safe-
guard livelihoods, reduce vulnerability 
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to disasters, and promote sustainable 
development.

Tools and innovation for water manage-
ment: Practical tools and innovations 
for water management, such as echo 
sounders, are used to determine water 
depth and monitor reservoirs, while hy-
dropneumatics pumping stations en-
able the delivery of water from lower 
to higher grounds over long distanc-
es (Office of Research Administration, 
2024). Wastewater treatment systems, 
such as household grease traps and so-
lar-powered aerators, provide low-cost 
solutions for improving water quality. 
Water balance analysis has become a 
crucial practice, allowing communities 
to calculate demand and supply, iden-
tify risks of scarcity, and plan agricul-
tural activities accordingly. Water reuse 
strategies, such as circulating canal wa-
ter into farm ponds and paddy fields, re-
duce external demand and increase wa-
ter value. Visual water diagrams, which 
illustrate flows from upstream to down-
stream, help communities understand 
hydrological dynamics and manage re-
sources more effectively.

Innovation in agriculture is also close-
ly linked to water resource manage-
ment. Crop calendars provide farmers 
with timely information on planting, sow-
ing, and harvesting periods, supporting 
climate-adaptive agricultural planning. 
Pond networks distribute water from up-
stream reservoirs to downstream ponds, 
strengthening local storage and distri-
bution systems. Monthly water balance 
analysis, combined with surveys of nat-
ural streams recorded in GIS, enables 
farmers to identify the root causes of 
water stress and adopt appropriate solu-
tions, such as rainwater harvesting and 
allocation for cropping (Hydro and Agro 
Informatics Institute, 2017). These prac-
tices are essential for coping with sea-
sonal variations in rainfall and extreme 
weather events, thereby strengthening 
adaptability and resilience in agricultur-
al communities.

Thai Royal Development Frameworks 
on Sustainable Agriculture and Natural 
Resource Management: Community-
driven innovations are further strength-
ened by the application of royal initia-
tives, particularly the “Three Forests 
and Four Benefits” principle, which en-
tails planting three types of forests 

for economic, conservation, and com-
munity-use—to generate four distinct 
benefits: wood/fuel, food/income, en-
vironmental protection, and water se-
curity. Additionally, the “New Theory 
Agriculture” promotes efficient land 
and water use through the systemat-
ic division of farmland into function-
al zones. This is exemplified by the 
30:30:30:10 model (30% water storage, 
30% rice cultivation, 30% mixed crops, 
and 10% housing). Together, these 
frameworks provide holistic approach-
es that ensure water–food–income se-
curity and reduce climate vulnerability, 
thereby promoting economic self-reli-
ance and sustainable resource manage-
ment (Grossman et al., 2016, Grossman 
et al., 2017).

The innovative solutions implement-
ed by these communities have led to 
reduced flood and drought risks, im-
proved water security, and strength-
ened reforestation efforts. Collectively, 
these initiatives contribute to resilient 
and sustainable livelihoods, ensuring 
that communities are better prepared to 
face the challenges of climate change.

Good practice case: 
Mae La Oup River Basin 
Network Community, 
Galayani Vadhana District, 
Chiang Mai Province, 
Thailand
The Mae La Oup River Basin Network 
Community is in Moo 3, Jam Luang 
Sub-district, Galayani Vadhana District, 
Chiang Mai Province, Thailand, cover-
ing 78.35 square kilometers, of which 
79.05% is forest, 20.40% is agricultur-
al land, and only 0.05% is designated 
for settlement. This network consists 
of 221 households with a total popula-
tion of 810 people, primarily from the 
Paka-Kyaw ethnic group, who have in-
habited the area for centuries (Hydro-
Informatics Institute, 2021).

Despite their long-standing presence, 
the Paka-Kyaw community has histor-
ically lacked formal land title deeds. 
This absence of legal recognition cre-
ated ambiguity regarding the boundar-
ies between arable land and conserved 

forests. Over time, population growth 
and migration intensified the demand 
for natural resources, leading to forest 
encroachment. The situation was fur-
ther exacerbated by external capitalists 
who hired local people to clear forest-
ed areas; this accelerated environmen-
tal degradation and directly resulted 
in worsening water shortages (Hydro 
and Agro Informatics Institute, 2017). 
Consequently, long-term conflicts over 
water allocation emerged as house-
holds competed for limited resources 
to sustain agricultural production. These 
tensions highlighted the community’s 
vulnerability to resource scarcity and un-
derscored the need for collective man-
agement strategies

Community water resource 
management in Mae La 
Oup River Basin, Galayani 
Vadhana District, Chiang 
Mai Province, Thailand: 
Integrating indigenous 
knowledge and modern 
technology
In 2009, Community Water Resource 
Management (CWRM) was introduced 
to the Mae La Oup River Basin Network 
Community. Recognizing the impor-
tance of indigenous knowledge within 
the Paka-Kyaw community, the Hydro-
Informatics Institute (HII) placed spe-
cial emphasis on facilitating the shar-
ing of community-led local traditions 
and practices, and provided training in 
local languages enabling them to com-
bine their deep knowledge of the land-
scape with modern tools, such as sat-
ellite imagery, Geographic Information 
Systems (GIS), and Global Positioning 
System (GPS) technology, to produce 
community land use maps. These ef-
forts promoted the application of cul-
tural wisdom while simultaneously 
transferring modern technologies to 
strengthen community-based resource 
management (Hydro-Informatics 
Institute, 2021).

Through participatory surveys by rep-
resentatives of the local villagers, the 
community mapped and delineated vivid 
boundaries of preserved forest, usable 
forest, rehabilitating forest, crop rota-
tion areas, and arable land. The result-
ing maps were formally endorsed by the 
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community and became the basis for 
issuing land use titles, thereby securing 
tenure rights and empowering collabo-
rative upstream reforestation and sus-
tainable land management. 

Villagers were trained by HII to ap-
ply science and technology in prepar-
ing detailed water maps, conducting 
water balance analyses, and design-
ing nature-based check dams and 
distribution systems suited to local 
hydrological conditions. Building on 
this technical capacity, the commu-
nity constructed a series of three-lev-
el filter-system check dams tailored 
to the surrounding topography. The 
check dams were designed based on 
the location of the stream in the for-
est, using local materials, such as 
stone and wood. The primary and sec-
ondary levels function to slow water 
flow, trap sediment, and promote up-
stream reforestation, while the tertia-
ry level enhances water storage for 
dry season use. To date, a total of 394 
check dams have been completed, 
securing year-round water availability 
across 20 brooks (Hydro-Informatics 
Institute, 2021). 

In 2009, the community faced severe 
natural disasters triggered by heavy 
rainfall, which caused soil erosion and 
landslides. These events not only dam-
aged local infrastructure and agricultur-
al land but also heightened awareness 
of the risks associated with unsustain-
able resource use. The experience re-
inforced the importance of integrated 
watershed management and communi-
ty-driven approaches to strengthen resil-
ience against climate variability and en-
vironmental hazards.

To address landslide risks, a 920‑meter 
“canal street” was constructed along 
ridge areas. In normal conditions, it 
functions as a road, while during the 
rainy season it serves as a flood‑con-
trol canal, channelling excess water 
to retention ponds. This innovation 
completely solved the landslide prob-
lem and strengthened community re-
silience against flash floods (Hydro-
Informatics Institute, 2016). Indigenous 
knowledge guided the design of water 
storage dams and local irrigation sys-
tems, while traditions, such as the River 
Goddess Worship Ceremony (Natee 
Khunnam) and traditional rhymes, 

were revived to reinforce environmen-
tal stewardship.

Strengthening water security requires 
attention to both physical infrastructure 
and social governance. The installation 
of solar-powered pumps and storage fa-
cilities in Mae La Oup River Basin, to-
gether with pipelines extending to high-
er elevations, has reduced dependence 
on seasonal rainfall and enabled more 
reliable agricultural planning and crop 
diversification. Equally important, the 
project emphasized community-driven 
management. By entrusting the opera-
tion and maintenance of these systems 
to local stakeholders, the initiative fos-
tered a strong sense of ownership that 
is essential for the long-term sustain-
ability of community water resources 
(Yingkajohn, 2025). 

From 2024, a notable technological 
advancement introduced through the 
project is the development of auto-
mated, climate-smart greenhouses de-
signed to provide stable growing con-
ditions year-round. Constructed with 
mesh roofing and equipped with com-
prehensive IoT-enabled control systems, 

Figure 1: Example of Land-use Map in Mae La Oup River Basin, Galayani Vadhana District, Chiang Mai Province, Thailand
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these greenhouses autonomously reg-
ulate irrigation, temperature, and hu-
midity. All operational functions are 
managed through the Tuya Smart ap-
plication, a comprehensive mobile ap-
plication that centralizes the control, 
monitoring, and automation of smart 
devices, allowing farmers to monitor 
and adjust environmental parameters 
in real time. Powered entirely by solar 
energy and utilizing mist irrigation to 
decrease temperature during summer 
for off-season cultivation, the system 
maintains ideal conditions for high-qual-
ity cultivation (Yingkajohn, 2025). As a 
result, farmers are able to produce veg-
etables and herbs consistently through-
out the year, significantly increasing pro-
ductivity while reducing vulnerability to 
climate-related impacts. 

Complementing the improvements 
in water access, the initiative placed 
strong emphasis on integrating renew-
able energy into both water distribu-
tion systems and post-harvest agricul-
tural processes in the Mae La Oup River 
Basin. By deploying hybrid systems that 
combine solar and hydropower, the proj-
ect ensured a stable and reliable energy 
supply for agricultural processing and 
storage, which is an essential advance-
ment for remote communities with lim-
ited access to conventional energy in-
frastructure. Practical applications of 
these systems include solar-powered 
electric dryers used for efficient dehy-
dration of crops, such as chili and veg-
etables, as well as solar-driven cold 
storage units that maintain low tem-
peratures needed to preserve product 
quality. These cold storage facilities re-
duce post-harvest losses and support 
off-season marketing, directly con-
tributing to increased farmer income. 
Together, these innovations demon-
strate how renewable energy infrastruc-
ture simultaneously strengthens envi-
ronmental sustainability and reinforces 
economic resilience within the commu-
nity. Value-added processing has lifted 
product worth by 1.6 times, while ex-
tended shelf life enables off-season 
sales that raise prices by up to 1.3 times 
(Yingkajohn, 2025).

With improved water resource manage-
ment supported by various IoT technol-
ogies, the community transitioned from 
monocropping and nomadism to inte-
grated agriculture, boosting household 

incomes through organic farming and 
agroforestry. 

Outcomes and lessons 
learned
The implementation of these integrat-
ed interventions has yielded significant 
tangible outcomes, particularly regard-
ing economic security and production 
efficiency. Household income from pro-
duction saw an annual increase of ap-
proximately 28,800 THB (USD 893). 
Most notably, the strategic transition 
from monoculture to diversified farm-
ing systems proved highly lucrative; 
farmers reported an average annual in-
come of 88,600 THB (USD 2,747), a sub-
stantial rise from the 14,400 THB (USD 
446) typically generated by rice mono-
culture alone. Beyond primary produc-
tion, value-added processing initiatives 
increased product value by 1.6 times, 
while improvements in shelf-life exten-
sion facilitated off-season sales, allow-
ing farmers to command prices up to 
1.3 times higher. These technical ad-
vancements also significantly reduced 
post-harvest product damage, ensur-
ing more efficient market delivery. On 
a social level, the project successful-
ly fostered community and youth en-
gagement, expanding networks for 
knowledge exchange to support con-
tinuous, collaborative development 
(Yingkajohn, 2025). 

Community empowerment was applied 
in Mae La Oup through training in tech-
nology, while ensuring that villagers 
themselves took the lead in surveying, 
planning, decision-making, and imple-
mentation. HII acted as a mentor, pro-
viding knowledge and financial support 
to foster sustainable development. As 
Ani et al. (2017) note, empowerment 
occurs when communities can identi-
fy problems, access resources, improve 
skills, and mobilize collective action for 
mutual benefit. It is a process of expand-
ing the ability of individuals and groups 
to make choices and pursue common 
goals. Empowerment begins with indi-
viduals recognizing their own capacity 
and freedom, which can then be shared 
to build collective strength. For sustain-
ability, empowerment must evolve from 
external initiation into self-reliant, inter-
nally driven actions.

Policy recommendations 
and scaling up
By the end of 2020, the Mae La Oup River 
Basin Network Community had expand-
ed its practices to reach 8,648 people 
across 465.05 square kilometres, cov-
ering seven subdistricts: Jam Luang, 
Mae Daet, Wat Jan, Mae Najorn, Mae 
Suek, Ban Tab, and Tha Pha. Working 
Groups on Land Management and 
Regulation were established, alongside 
the “AePaWaDou” Youth Network, which 
now engages 105 members in 8 commu-
nities. The success of the Mae La Oup 
model has also extended to the Mae 
Jam River Basin, where good practices 
have been transferred to three subdis-
tricts in nine villages (Hydro-Informatics 
Institute, 2021). Further scaling oppor-
tunities have emerged as visitors learn 
from the community’s good practices, 
inspiring networks across Thailand to 
adopt similar approaches. 

Since 2003, HII has initiated Community 
Water Resource Management (CWRM) 
project starting with two pilot commu-
nities in the very first year. Mae La Oup 
Network stands as one of the notable 
achievements within this journey, exem-
plifying how local empowerment and 
sustainable practices can evolve into 
national models. Over time, these good 
practices have self-expanded and mul-
tiplied. By the end of 2024, 60 CWRM 
core communities and 1,847 villages 
were established across 19 river ba-
sins, covering the entire country (Nunta 
& Kanyawararak, 2024). 

HII has expanded its nature-based 
science adaptation concept not only 
across Thailand but also to neighbour-
ing countries. In Lao PDR, HII partnered 
with the Department of Technology and 
Innovation, Lao PDR, to transfer knowl-
edge and techniques on Community 
Water Resources Management concept 
to strengthen capacity of the local com-
munity in Sangthong Village, Vientiane 
Capital for climate-resilient adaptation. 
This initiative was started as bilateral 
project between two agencies, and fur-
ther supported by the local private sec-
tor, the Coca-Cola Foundation, as part 
of their Corporate Social Responsibility 
program, demonstrating how commu-
nity-based water resource manage-
ment can be scaled regionally through 
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cross-border collaboration and pub-
lic-private-people partnerships.

Conclusion
The Mae La Oup experience under-
scores the critical role of integrating 
Nature‑based Solutions (NbS) with mod-
ern technology to achieve sustainable 
development and climate resilience. By 
combining indigenous knowledge, sci-
entific tools, and community empow-
erment, the model demonstrates how 
local action can reduce disaster risks, 
restore ecosystems, and secure liveli-
hoods. Its success highlights that resil-
ience is not only ecological but also so-
cial, rooted in community governance 
and collective capacity.

As HII’s Community Water Resources 
Management model expands national-
ly and regionally, it provides a replica-
ble framework for countries seeking to 
strengthen climate adaptation strate-
gies. The convergence of NbS and tech-
nology offers pathways to achieve the 
Sustainable Development Goals (SDGs), 
particularly those related to water se-
curity, ecosystem restoration, and inclu-
sive governance. Importantly, it shows 
that sustainable development is most 
effective when communities are em-
powered to lead, supported by institu-
tions, and connected through regional 
collaboration.
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Abstract
In the era of climate crisis, the importance of local climate adaptation strat-
egies is growing. Given that the impacts of climate change vary across re-
gions, a bottom-up approach involving various stakeholders is crucial. This 
article introduces living labs, where diverse stakeholders collaborate to de-
fine problems and experiment with solutions, as a viable approach for climate 
adaptation. Through the case studies of the three living labs: corporate cli-
mate adaptation, ESG information disclosure framework, shade infrastruc-
ture against heat waves, and climate disaster text message. We explore the 
applicability and effectiveness of living labs and discuss their implications 
for sustainable development and enhancing the resilience of local commu-
nities in the Asia-Pacific region.

Introduction
In 2015, sustainable development be-
came an international agenda. Under 
the overarching vision of harmonizing 
the environment, economy, and soci-
ety, the Sustainable Development Goals 
(SDGs) are being pursued at various lev-
els. Among them, climate change has be-
come a serious issue worldwide; hence, 
designing an appropriate response to it 
is becoming significant. Both climate 
mitigation, reducing greenhouse gases 
(GHGs), and climate adaptation, strength-
ening resilience and adaptive capacity to 
climate risks are crucial. As the impacts 
of climate change vary across regions, ef-
fective responses require tailored strate-
gies reflecting local characteristics and 
needs. This necessitates an integrated 
and transformative approach involving di-
verse fields and interests. In other words, 
it demands us to go beyond top-down 
approaches to establish and implement 
bottom-up climate adaptation.

This article introduces living labs as a 
method for enhancing sustainability and 

realizing bottom-up climate adaptation 
policies. It is an approach that creates 
social value through user-driven inno-
vation, representing an experimental 
environment where diverse stakehold-
ers jointly define problems and devel-
op solutions. By fostering collaboration, 
living labs pursue not only public bene-
fit but social acceptability, making them 
highly suitable for addressing complex, 
multi-layered challenges. As a form of 
social innovation, living labs can contrib-
ute to going beyond mere technical solu-
tions and enhancing practical resilience 
to the climate crisis, as well as commu-
nity resilience and autonomy.

The structure of the article is as follows: 
the next chapter addresses the concept 
of the necessity of living labs. The sub-
sequent chapter presents the methodol-
ogy of living labs, focusing on how living 
labs facilitate participatory and innova-
tive approaches to local climate adap-
tation. Then, two case studies follow: 
the corporate climate adaptation living 
lab and the shade living lab. In this sec-
tion, we explore how living labs can be 
utilized both in a corporation and local 

government context. In conclusion, we 
discuss implications for sustainable de-
velopment in the Asia-Pacific region.

Concept and necessity of 
living labs
Living labs are public innovation plat-
forms where diverse actors collaborate 
to define problems and experiment with 
solutions within real-life environments 
(Bergvall-Kåreborn and Ståhlbröst 2009; 
Voytenko et al. 2016). This approach 
contributes to enhancing the suitabili-
ty of climate adaptation measures and 
fostering a sense of shared responsi-
bility by actively utilizing the knowledge 
and creativity of citizens who were pre-
viously marginalized in the policy pro-
cess (Nesti 2018, Shin and Lee 2025). 

Arias et al. (2025) analyzed over 80 liv-
ing lab cases across Europe, confirming 
that living labs have evolved into innova-
tion platforms integrating citizen partic-
ipation, co-design, interdisciplinary col-
laboration, and institutional structures. 
They emphasized that social value, in-
clusivity, and locally tailored contexts 
play a decisive role in living lab design 
and outcomes. Campos and Marín-
González (2023) have also argued that 
living labs should be designed to inte-
grate social value, ethics, and inclusivity. 

While living labs are generally citizen-led, 
they possess a multi-layered structure 
and incorporate diverse institutional sup-
port. Universities and research institu-
tions provide a knowledge and technol-
ogy base, while government and private 
companies handle financial and admin-
istrative support (Evans et al. 2015). Civil 
society groups also play crucial roles in 
operation and collaboration coordina-
tion (Mukhtar-Landgren et al. 2019). 

Features of living labs can be summa-
rized in several ways. First, in terms of 
participation, living labs transform poli-
cy recipients from mere beneficiaries into 
co-designers of solutions. Citizens and 
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communities can reflect their practical 
needs, ensuring adaptation strategies are 
designed to fit the local context. Second, 
in terms of innovation, living labs provide 
a structure to experiment with technical 
and social solutions in real-world envi-
ronments and improve them based on 
experimental results. Third, living labs fa-
cilitate the exchange of knowledge and 
experience among diverse stakeholders, 
enabling the combination of new policies, 
technologies, and social practices. This 
contributes not only to short-term prob-
lem-solving but also to strengthening 
long-term adaptive capacity. 

In summary, living labs provide an in-
novative process. They offer partici-
pant-centred problem definition, ex-
perimental solution development, and 
continuous improvement. They estab-
lish themselves as a crucial approach 
that enhances the effectiveness and 
feasibility of community-tailored adap-
tation strategies. Particularly in today’s 
situation, where rapid climate change 
coexists with social vulnerability, living 
labs are able to improve the efficiency of 
climate adaptation and provide a practi-
cal platform for diverse stakeholders to 
manage climate risks. 

How do living labs 
facilitate participatory and 
innovative approaches to 
local climate adaptation?
Figure 1 conceptually presents the de-
velopment of living lab techniques, 

consisting of four steps: planning, 
co-creation, experiment and verification, 
and realization. Among these, the plan-
ning steps include diagnosing climate 
vulnerability and identifying the target 
group for living labs. It serves as a cru-
cial step to determine the overall direc-
tion of living labs. It is essential to clear-
ly define the type of entity and specify 
objectives, since methods and proce-
dures depend on the nature and pur-
pose of the implementing entity. This 
is followed by a preliminary diagnosis 
to lay the foundation for living labs oper-
ation, such as investigating the baseline 
status of the project or targeted prob-
lem and developing the operation plan. 
When designing new climate adaptation 
projects or restructuring existing proj-
ects, a review of the relevant legal basis 
is mandatory. In particular, local govern-
ments are directly constrained by stat-
utes and ordinances. It entails a thor-
ough prior analysis of the relevant legal 
and institutional framework. 

The second step, co-creation, encom-
passes co-design (problem discovery 
and identification) and prototype de-
velopment (ideation and prototyping). 
From this step onward, the participa-
tion and interaction of key stakehold-
ers (such as citizens, civil society orga-
nizations, experts, public officers, and 
corporate workers) become fully en-
gaged. During the co-design process, 
workshops are conducted to discover 
problems and select and refine the iden-
tified problems. Workshops are general-
ly structured according to the following 
three-process flow.

	� Sharing findings from real-life 
context investigations: Share ob-
served problems with stakeholders 
to establish shared problem recogni-
tion and support redefining problems 
in user-centred language.

	� Organizing and structuring prob-
lems: Based on investigation re-
sults, categorize discussed issues 
by theme and type to derive a con-
crete list of problems.

	� Problem prioritization: Evaluate the 
importance and urgency of the de-
rived problems to establish priorities.

Based on this process, an idea work-
shop generates solutions, followed by 
prototype development to visualize and 
concretize these ideas.

The third step, experiment and verifi-
cation, involves reviewing the effec-
tiveness and suitability of prototypes 
through pilot experiments. For exam-
ple, in a corporate climate adaptation 
living lab, the developed solution is eval-
uated for its applicability and potential 
to deliver tangible results. Living labs’ 
core element is experiment, which in-
volves (1) assembling specific tools and 
participants, (2) inducing change, and 
(3) measuring that change (Karvonen 
and van Heur 2014). Therefore, it is in-
dispensable to set clear evaluation crite-
ria for experiments. During verification, 
stakeholder surveys, priority assess-
ments (e.g., AHP: Analytic Hierarchy 
Process), and comparisons of pilot ap-
plication outcomes are employed. 

The final step, realization, consists of 
assessing the feasibility of the derived 

Figure 1. Development of Living Lab Techniques
* Source: Lee and Shin et al. (2025)
** �The above content systematizes practical methodologies, based on the experience accumulated by the Yonsei University 

Climate Adaptation Living Lab R&D.
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solutions and connecting them to insti-
tutionalization or commercialization. 
It is achieved by three stages: main-
tenance (continuous development of 
solutions), deeping (refining co-cre-
ated outcomes), and diffusion (Shin 
and Lee 2025). Living labs should not 
remain confined to the laboratory lev-
el; if experiments validated at the local 
or small-scale level fail to scale up into 
broader systems, the creative efforts of 
diverse stakeholders may face limita-
tions (Hakkarainen and Hyysalo 2013). 
That is, even if living labs start with lo-
cal-level experiments, they can be real-
ized as tangible products, services, and 
institutions through processes of scal-
ing and transition (Lee et al. 2014; Von 
Wirth 2019).

Remember that the guidance provid-
ed in this article is not the definitive an-
swer. Certain steps may be omitted, or it 
may be necessary to return to a previous 
step. The essence of living labs lies not 
in rigidly adhering to frameworks and 
steps, but in the engagement of multi-
ple stakeholders and the realization of 
solutions through experiment and verifi-
cation. Therefore, it is recommended to 
use the guidance as one practical mile-
stone on the journey toward enabling a 
collective response to the climate cri-
sis and advancing toward a sustain-
able future.

Case studies on climate 
adaptation living labs
This chapter introduces two living lab 
cases and explores how living labs ac-
tually support developing solutions and 
advancing them to the level at which 
they can be institutionalized. The three 
cases are conducted by the Yonsei 
University Climate Adaptation Living 
Lab R&D in South Korea (Lee and Shin 
et al. 2025). They have distinct environ-
ments, targets, and risk structures, yet 
both share the commonality of enhanc-
ing the coherence and effectiveness of 
climate adaptation policies.

The first case is the corporate climate 
adaptation living lab. It structured the 
private sector’s climate risk and adapta-
tion capabilities and laid out the ground-
work for building a corporate climate ad-
aptation disclosure system. The second 
case is the shade living lab conducted 

in collaboration with Seodaemun-gu (lo-
cal government in Seoul) from 2023 to 
2025 (Lee and Shin, 2025). It empirically 
reviewed heatwave climate adaptation 
policies based on the living environment 
and derived policy design requirements.

Corporate living lab
The climate crisis has become a key fac-
tor in exerting structural and persistent 
impacts on corporate management. 
The necessity of ESG (Environmental, 
Social, Governance) management is em-
phasized, with environmental responses 
serving as a core pillar of corporate sus-
tainability. However, the trend in ESG dis-
closures has largely focused on mitiga-
tion. Unlike mitigation, corporate climate 
adaptation lacks a robust institutional 
foundation and reporting standards, 
necessitating the development of evi-
dence-based indicators tailored to in-
dustry-specific characteristics. Given 
this context, living labs are deemed a 
proper research methodology. They re-
flect real-world environments while en-
abling collaborative problem-solving 
through stakeholder interaction.

To conceive the corporate climate ad-
aptation disclosure system, a research 
institute-led living lab platform is set up 
to structure corporate climate adapta-
tion information and ensure the effec-
tiveness of disclosure indicators. This 
platform was designed as an experi-
mental collaborative structure where 
corporations collectively design and 
review the entire process. Figure 2 
describes the co-creation process of 
a corporate living lab. The living lab 
comprised five steps: problem identi-
fication and agenda setting; co-inqui-
ry and knowledge integration; ideation; 
prototype development; and verification 
and institutionalization. 

Figure 2 describes the co-creation pro-
cess of a corporate living lab. The living 
lab comprised five steps: problem iden-
tification and agenda setting; co-inqui-
ry and knowledge integration; ideation; 
prototype development; and verifica-
tion and institutionalization. First, ESG 
officers in private companies were re-
cruited considering diversity by indus-
try and size. A preliminary assessment 
of each company’s climate risk aware-
ness level and adaptation capacity laid 
out the groundwork for living lab discus-
sions. Subsequently, systematic training 

on international standards and climate 
risk assessment techniques was provid-
ed to strengthen the companies’ capa-
bilities, enabling their participation in the 
design process. During the co-creation, 
companies, researchers, and experts 
jointly conducted an in-depth analysis 
of climate risk factors, identifying can-
didate adaptation disclosure indicators. 

The resulting indicators underwent in-
depth verification by an expert group. 
It included detailed discussions on the 
feasibility of applying industry-specific 
frameworks and methods for integrat-
ing qualitative (such as social values) 
and quantitative (such as market val-
ues) indicators. This verification pro-
cedure played a crucial role in ensuring 
the disclosure framework reflects the 
realities of corporate operating environ-
ments and climate data infrastructure. 
Through this process, the corporate cli-
mate adaptation disclosure framework 
was derived. This globally applicable 
framework was constructed by syn-
thesizing empirical data collected from 
living labs, analysis of international dis-
closure standards, and review results 
of quantitative evaluation systems (ND-
GAIN: Notre Dame Global Adaptation 
Initiative) and VESTAP: Development of 
the Korean Climate Change Vulnerability 
Assessment Tool).

Table 1 presents the framework for cor-
porate climate adaptation disclosure. 
The research team categorized corpo-
rate climate adaptation information into 
two major categories: climate risk and 
corporate climate adaptation capacity. 
It is found on the quantifiability of fu-
ture indicators, data accessibility, and 
operational simplicity of the disclo-
sure framework. Climate risk refers to 
the physical and transition risks faced 
due to climate change, consisting of cli-
mate exposure and climate sensitivity. 
Climate exposure indicates how direct-
ly a company is exposed to current and 
future climate risks, while sensitivity sig-
nifies how significantly or easily the im-
pacts of climate change affect a com-
pany’s operations. 

Meanwhile, the corporate climate ad-
aptation capacity refers to the resourc-
es, capabilities, strategies, systems, and 
policies a company possesses to identi-
fy, manage, and mitigate climate risks. It 
is composed of climate readiness and 
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climate responsiveness. Readiness 
means the level of preemptive readiness 
a company has to respond to when con-
fronted with climate risks. Climate re-
sponsiveness denotes the company’s 
ability to respond immediately and ef-
fectively when an actual climate crisis 
occurs, encompassing its execution ca-
pability and resilience.

Shade living lab 
Climate change has intensified expo-
sure to heatwaves in urban spaces, and 
as an adaptation policy, outdoor shade 
has been widely adopted by local gov-
ernments. However, existing projects 
have shown policy limitations, being 
implemented in a fragmented manner 

with insufficient evidence regarding 
their power-saving effects and lack-
ing verification of practical impacts. 
Recognizing these issues, Seodaemun-
gu (Seoul, South Korea) introduced a 
living lab approach to analyze the fea-
sibility, effectiveness, and resident ac-
ceptability of the outdoor air condition-
er shade project.

Figure 3 depicts the process of the 
shade living lab. During the planning, a 
preliminary investigation reviewed the 
project’s legal basis, effectiveness, and 
feasibility. The investigation revealed 
that Seodaemun-gu’s ordinance sys-
tem lacked a legal foundation for sup-
porting the shade project, and there 
were almost no scientifically verified 

cases demonstrating power-saving 
effects. This initial analysis suggest-
ed that the living lab should be an ex-
perimental policy design process inte-
grating policy, technology, and resident 
participation.

Based on this, the living lab established 
a participatory structure encompass-
ing diverse stakeholders. Participants 
included citizens with outdoor unit in-
stallation experience, government of-
ficials responsible for climate and en-
ergy policy, energy diagnosis experts, 
outdoor unit management and clean-
ing specialists, and shade manufactur-
ers and installers. The living lab adopted 
an issue-focused workshop approach, 
creating a structure to translate each 

Figure 2. Co-creation Process of Corporate Living Lab
* Source: Lee et al. (2025)
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stakeholder’s expertise and experience 
into concrete policy elements. Key is-
sues identified during this process were 
summarized as: (1) lack of ordinance 
and policy basis, (2) reduced effective-
ness due to formal linkage programs, 
(3) absence of criteria for users, (4) in-
sufficient verification of effectiveness, 
and (5) safety risks.

During the co-creation, three experi-
ments were designed to address these 
issues. The first was a cleaning and 
management experiment, examining 
how maintenance affects energy effi-
ciency and safety. Results revealed ac-
cessibility and safety issues with out-
door units in high-rise apartments, 
frequent overheating and fire risks 

observed, and the need for safe clean-
ing methods and management training. 

The second was an installation exper-
iment requiring residents to install the 
shade themselves to evaluate installa-
tion difficulty, safety, and structural con-
straints. While most participants report-
ed being able to install it themselves, 

Table 1. Framework for Corporate Climate Adaptation Disclosure

Major Category Subcategory Indicators

Corporate
Climate
Risk

Climate
Exposure

Physical Risk Climate Risk Modeling

Climate Impact Assessment

Transition Risk Policy and Regulatory Risk

Market and Reputation Risk

Climate
Sensitivity

Infrastructure 
Sensitivity

Human Infrastructure

Physical Infrastructure

Corporate Value 
Chain Sensitivity

Supply Chain Sensitivity

Revenue Sensitivity

Corporate
Climate
Adaptation
Capacity

Climate 
Readiness

Risk Mitigation 
and Management

Climate Adaptation Awareness

Green Infrastructure Development and Operation

System Efficiency Improvement

Corporate Value 
Creation

Social Value Creation

Market Value Creation

Climate 
Adaptation 
Implementation

Adaptation Impact Assessment

Scale of ESG Investment

Financial Planning for Climate Risk

Climate
Responsiveness

Climate Disaster 
Response Capacity

Emergency Communication System

Climate Disaster Management

Employee Safety Management

Corporate 
Governance

Internal Rules and Regulations

Stakeholder Engagement

Climate Disclosure

* Source: Lee et al. (2025)
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significant risks were identified in con-
fined installation spaces or on high-rise 
external balconies. This suggests the 
need for installation guidelines and pri-
or training, and that professional instal-
lation support may be required for cer-
tain housing types. 

The most critical experiment was to 
verify the power-saving effect in 2025 
(Lee and Shin et al. 2025). Of the 29 resi-
dent researchers, 22 provided valid data, 
enabling an analysis. The researchers 
were residents of Seodaemun-gu, se-
lected from 13 out of 14 administrative 
districts, living in various housing types 
(apartments, villas, detached hous-
es, etc.). They measured and recorded 
their daily electricity consumption and 
reported it via SNS (Social Networking 
Services). This experiment was con-
ducted during summers and was based 
on actual measurements of changes in 
outdoor unit power consumption. The 
analysis confirmed that the shade has 
a practical effect, but its effect is limit-
ed to specific residential types.

In the final step, policy design directions 
were derived based on the experimental 

results. First, shade support is not a uni-
versal policy applicable to all house-
holds; therefore, differentiated appli-
cation by housing type is essential. 
Second, the outdoor unit cleaning and 
management program should be linked 
to transforming it into a comprehensive 
policy. Third, evidence-based policy de-
sign must be strengthened, incorporat-
ing the effectiveness of verification as 
an essential procedure. Fourth, the SNS-
based real-time feedback model proved 
effective for resident participation and 
communication methods.

Climate disaster text 
message living lab
The Republic of Korea is sending a cli-
mate disaster text message (Lee et al. 
n.d). However, there is insufficient ver-
ification on whether it actually increas-
es risk awareness and induces behav-
ioral change. Despite the increasing 
frequency and intensity of climate di-
sasters, the current alert system has 
been criticized for failing to reflect re-
cipients’ situations and characteristics, 
causing alert fatigue and lacking con-
crete action guidelines. Based on this 

problem awareness, the research team 
determined that a living lab approach in-
volving both citizens and experts is nec-
essary to improve disaster text message 
(Lee et al. n.d.). 

Figure 4 illustrates the process of the cli-
mate disaster text message living lab. 
In the first living lab, a focus group in-
terview (FGI) was held with 7 citizens 
of diverse ages (20s, 30s, 40s, 50s, and 
60s) to review heatwave disaster mes-
sages and identify problems at Seoul 
(Yonsei University) in 2024. Citizens 
emphasized that messages lack rele-
vance because they fail to reflect actu-
al risks and situations, and that repeat-
ed messages from multiple agencies 
lead to fatigue. They also pointed out 
that abstract expressions like “be care-
ful of the heat” made it difficult to know 
when, what, and how to act, arguing that 
more specific, action-oriented informa-
tion was needed. 

In the second step of the living lab, 
the technical and institutional feasibil-
ity of the citizen suggestions was re-
viewed by 2 citizens (of the first step 
living lab participants) and 3 experts 

Figure 3. Process of Shade Living Lab
* Source: Lee and Shin et al.  (2025)
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(from the climate change research in-
stitute, news media, and disaster mes-
sage management institute). Experts 
explained the authority and legal re-
sponsibilities of each message-issu-
ing agency, the structure of communi-
cation systems, and the limitations of 
information provision, discussing how 
citizen ideas could realistically be im-
plemented. While citizens stated they 
trusted the messages from the Korea 
Meteorological Administration (KMA), 
which provides weather and climate 
change related information, the most, 
experts worried that if the KMA pro-
vided action guidelines, it could lead 
to role conflicts or responsibility is-
sues between agencies (such as local 
governments). Through these discus-
sions, the research team and partic-
ipants jointly designed a two-stage 
structured message, where the KMA 
provides risk information, and health/
disaster management agencies provide 
action guidelines.

In the final living lab, the prototype 
messages were delivered to all 
participants. They thoroughly examined 
messages without time constraints, 
evaluating the clarity of phrasing, the 
effectiveness of action guidelines, 
the safety of provided links, and the 
placement and role of hashtags. The 
research team supplemented the 
context of opinions through phone 
interviews when necessary. This 
remote review process compensated 
for the time, power, and participation 
constraints of in-person meetings, 
verifying whether the message 
content would function naturally and 
effectively within the actual context of 
disaster alerts.

Implications for 
sustainable development
This article focuses on the concept 
and practice of climate adaptation liv-
ing labs, discussing how living labs fa-
cilitate participatory and innovative ap-
proaches to local climate adaptation. 
Three living lab cases introduced in this 
study empirically demonstrate that living 
labs can simultaneously provide the in-
stitutional framework of evidence-based 
approaches and multi-stakeholder en-
gagement. These position living labs as 
experimental and verification platforms 
for localized climate adaptation. 

Living labs can function as a core pol-
icy and socio-technical mechanism 
for sustainability transition, going be-
yond simple participatory programs. 
Their operation mechanism serves 
as a catalyst for the enhancement of 
contextuality, coherence, and feasibil-
ity by enabling stakeholders to experi-
ence climate risks in real-life, reframe 
problems, and co-create solutions. 
Furthermore, living labs hold signifi-
cant theoretical implications as they 
facilitate the interaction between soci-
etal, technological, institutional, and be-
havioral changes - core elements of the 
transition perspective emphasized sus-
tainability. From a policy perspective, 
the co-creation process of living labs 
has stakeholders directly engage in re-
view, experimentation, and discussion 
from the initial stage. This institution-
ally implements the core principles of 
sustainability policy - inclusiveness and 
co-production - and strengthens long-
term sustainability by building trust in 
climate policies.

The Asia-Pacific region is experienc-
ing the world’s fastest urbanization 
and industrialization, with an extreme-
ly uneven spatial distribution of climate 
risks and stark socioeconomic vulnera-
bilities. Besides, significant disparities 
in policy capacity, financial conditions, 
and data accessibility make applying 
a uniform adaptation model difficult. 
Considering these regional character-
istics and constraints, the living lab ap-
proach can promote climate adapta-
tion policies in the Republic of Korea 
and some other Asia-Pacific countries 
such as the Philippines, Indonesia, and 
Viet Nam. First, through real-life experi-
ments, it can derive locally customized 
adaptation strategies reflecting differ-
ences in residential environments, cor-
porate structures, and social vulnerabil-
ities. Second, the co-creation structure 
is well-suited for building multi-stake-
holder participation-based adapta-
tion systems. Third, accumulating ev-
idence-based data can ensure policy 
credibility and alignment with interna-
tional standards, thereby contributing 
to the institutionalization of climate ad-
aptation policies.
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ABSTRACT
In modern conditions of progressive water pollution intensity resulting from in-
creased discharges of untreated or partially treated waters and frequent tech-
nogenic accidents, the development of automated methods and means for 
operational detection of pollutants and assessment of their danger to aquatic 
ecosystems and humans has become imperative. This article describes the 
development of an automated biomonitoring system based on behavioral re-
sponses of bivalve mollusks combined with machine learning algorithms for 
real-time identification of pollutants. The system has been successfully de-
ployed for both marine and freshwater environments, utilizing hall sensors and 
magnets attached to mollusk shells to detect valve movement patterns. The 
system incorporates artificial intelligence for anomaly detection using unsu-
pervised machine learning algorithms, including isolation forest (iForest), el-
liptical envelope, one-class support vector machine (SVM), and local outlier 
factor (LOF). Laboratory and field tests demonstrate high sensitivity, reliabil-
ity, and effectiveness in detecting dangerous pollution levels within seconds 
to minutes. The system represents a significant advancement in continuous 
automated environmental monitoring for sustainable water utilization across 
marine and freshwater aquatic ecosystems.

Introduction
In the aquatic environment, we face the 
simultaneous impact of a complex mix-
ture of many thousands of pollutants on 
ecosystems (Zhang et al., 2022). While 
chemical analysis can identify the con-
centration of pollutants, it cannot as-
sess the actual toxicological threat 
these substances pose to living organ-
isms. Existing aquatic environment 
monitoring systems, which rely primar-
ily on physicochemical methods, re-
main labor-intensive and costly. They 
generate fragmented data, cover only 
a traditionally narrow spectrum of pol-
lutants, fail to ensure timely detection 

of sudden releases, and cannot rapid-
ly assess the associated ecological or 
human health risks. (Feio et al., 2021; 
Zolkefli et al., 2020; Kokkali and van 
Delft, 2014). Furthermore, the number 
of chemical compounds polluting the 
aquatic environment is so great that it 
is difficult to control (Rodriguez-Mozaz 
et al., 2004). Threshold level indicators, 
used in modern environmental practice, 
characterize only quantitative character-
istics of substance content, are estab-
lished for a relatively small number of 
chemicals, and aimat ensuring the safe-
ty of certain categories of water users. 
They are not aimed at protecting aquat-
ic ecosystems and do not determine the 

level of danger to the “health” of biota as 
a whole (Depledge and Galloway, 2005).

Assessing the actual impact of pollu-
tion on the aquatic environment is pos-
sible using biological monitoring meth-
ods. Living organisms respond quickly 
and accurately to pollution, providing a 
comprehensive assessment of the state 
of the aquatic environment in real time, 
regardless of the composition and or-
igin of xenobiotics. Biological early 
warning systems (BEWS) are increas-
ingly playing a role in solving the prob-
lem of organizing continuous automat-
ed biomonitoring of surface waters in 
environmental practice worldwide (Bae 
and Park, 2014). These systems utilize 
living organisms as sensors embedded 
in electronic circuits and recording var-
ious physiological, biochemical, and 
behavioral indicators (Dvoretsky and 
Dvoretsky, 2023). These systems, un-
like physical and chemical monitoring 
methods, allow for the acquisition of 
integrated toxicological characteristics 
of the environment in real time and the 
assessment of water quality as a habi-
tat for aquatic organisms (Kramer and 
Foekema, 2001). Such systems, while 
not providing information on the content 
of specific pollutants, provide real-time 
information on unfavorable aquatic en-
vironments. Moreover, given their high 
reliability, ease of maintenance, high lev-
el of automation, and low cost, they are 
the most suitable means for effective 
environmental monitoring over large 
water areas.

One challenge is the correct interpre-
tation of incoming signals with high 
fault tolerance (Meti and Sangam, 
2017). In global practice, BEWS utiliz-
es mollusks, fish, crustaceans, algae, 
and other organisms as biosensors. 
Prominent examples of aquatic bio-
monitoring systems using mollusks in-
clude the Musselmonitor (Kramer and 
Foekema, 2001) and Dreissena Monitor 
(Borcherding, 1992; Borcherding, 2006). 
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mailto:ngrekov1@ya.ru
mailto:rez_blk@ibss-ras.ru
mailto:rez_blk@ibss-ras.ru
mailto:kuzminka@ibss-ras.ru
mailto:sevmixa@ibss-ras.ru


TECH MONITOR • October – December 2025 | 65

Application of Biosensors and Artificial Intelligence for Biomonitoring Aquatic Ecosystems

These systems evaluate the behavior-
al responses of mollusks, including 
the extent of valve opening, the na-
ture of their movement, the number 
of valve movements, and the percent-
age of open mollusks. The Aqua-Tox-
Control and bbe Fish Toximeter systems 
use fish to assess the ecological state 
of the aquatic environment by analyz-
ing their behavioral responses (swim-
ming speed, depth of swim in the wa-
ter column, turning speed, and circling 
motion) (Mons, 2008; Kuklina et al., 
2013). The cardiac activity character-
istics of the narrow-clawed crayfish 
Astacus leptodactylus were used as 
biomarkers in a bioelectronic system 
for continuous monitoring of the quali-
ty of purified water at the State Unitary 
Enterprise Vodokanal in St. Petersburg 
(Kholodkevich, 2007; Kholodkevich et 
al., 2006).

This article describes the developed 
aquatic monitoring system using ma-
chine learning algorithms and mus-
sel-based biosensors for both marine 
and freshwater environments and pres-
ents the results of laboratory and field 
tests demonstrating the versatility and 
effectiveness of the technology across 
different aquatic ecosystems.

RESULTS

The structure and 
operation of the system
Continuous and effective environmen-
tal monitoring of aquatic areas in the 
seas, oceans, and freshwater bodies re-
quires the development of an automat-
ed monitoring system that would alert 
to changes in aquatic environmental pa-
rameters using the behavioral respons-
es of bivalve mollusks. This system 
should include a network of biosensor 
monitoring systems deployed in aquatic 
environments and a universal monitor-
ing center. Through long-term research 
in various environments (sea and fresh-
water), the “ECOBIOMONITOR” system 
was developed (Shatokhin et al., 2021; 
Grekov et al., 2020; Grekov et al., 2019). 
It is based on the behavioral respons-
es of bivalve mollusks, along with soft-
ware packages that enable real-time 
identification of pollutants, primary data 
processing, and internet transmission 

(Trusevich et al., 2010). This system is 
an upgrade to a prototype developed in 
2008 (Trusevich et al., 2010).

The system operates by recording the 
activity of bivalve mollusks, specifically 
the extent to which their valves are open. 
For bivalves, motor activity is an indica-
tor of normal functioning (Trusevich et 
al., 2021). Knowledge of the behavior-
al responses of mollusks in their nat-
ural (normal) habitats allows us to as-
sess their reactions under adverse 
conditions and generate alarm signals. 
Marine Mytilus galloprovincialis (Lam, 
1897) and freshwater Unio pictorum 
(Linnaeus, 1758) bivalves were used in 
the tests. The developed system con-
sists of above-water and underwater 
sections connected by a cable (fig. 1).

The underwater portion of the system 
consists of a mussel colony unit and 
a battery, connected to the anchor by 
a chain. The mussel colony unit is a 
sealed container designed for a depth 
of up to 20 meters. It contains: a) a con-
trol unit, b) 16 Hall sensors hermetically 
mounted in the device’s housing, c) 16 
permanent magnets on remote plates, 
d) mussel attachment points, e) a light 
sensor, f) a temperature sensor, and g) 
a pressure sensor. The above-water por-
tion of the system is a sealed container 
installed in conjunction with a buoy. The 
container contains: a) a backup battery, 
b) a GSM module, c) a control unit, and 
d) a flashing beacon.

The ends of the cable-rope (KG 3×1.5-
70 grade) connecting the above-wa-
ter and underwater sections are fitted 
with sealed connectors. This allows for 
servicing the system even from small 
vessels. Furthermore, the cable-rope 
connection between the system com-
ponents is made through thimbles, al-
lowing for variable installation depth of 
the underwater section and providing 
additional reliability during long-term op-
eration. A flashing beacon is integrated 
into the container’s hull and provides vis-
ibility of up to 2.5 nautical miles.

The mussels are attached to the under-
water section of the system using poly-
mer adhesive (fig. 2). One mussel flap is 
secured to the device’s platform, while 
the other flap is attached to a freely mov-
ing plate with permanent magnets at-
tached to it. The plates are 3D printed 
using individual templates taken from 

the mussels. Changes in the distance 
between the flaps during their move-
ment, and consequently the distance 
between the Hall sensor and the mag-
net, lead to changes in the sensor’s out-
put voltage.

The underwater module’s control soft-
ware sequentially measures the volt-
ages of all Hall sensors, the light sen-
sor, and the pressure sensor, and also 
reads the digital temperature sensor. 
This data, represented as digital codes 
and combined with a digital marker in 
a specific sequence, forms a measure-
ment frame. The measurement frame 
is transmitted to the surface portion of 
the system via an RS-232 interface and 
a tethered cable.

The surface module’s controller, imple-
mented using the MSP-430FR5994, re-
ceives a frame of measurements. After 
receiving 20 frames of measurements, 
the controller generates a data packet 
and transmits it via the GSM module to 
the system’s internet server. The data 
packet contains data on physical pa-
rameters (valve opening distance, wa-
ter temperature, and illumination) ob-
tained during calibration using codes, 
the system’s serial number, and the cur-
rent time and date. It also contains ad-
ditional primary measurement informa-
tion in the form of digital codes and is 
used for debugging and diagnostics of 
the system.

To determine actual mussel activity val-
ues, it is necessary to obtain individual 
calibration coefficients for all the sys-
tem’s measurement channels. This pro-
cedure can also be performed in the 
field immediately before installation. 
The device’s design allows for calibra-
tion of the measurement channels with-
out disassembling the device in the field, 
maintaining its hermetic seal.

Behavioral responses of 
freshwater mollusks
The freshwater system developed 
for water supply intake monitoring at 
Sevastopol’s Vodokanal in the Chornaya 
River (Southern Federal District) pro-
vides critical insights into mollusk be-
havior and system performance in 
freshwater environments (Trusevich 
et al., 2010). Prolonged, continuous, 
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Figure 1. General diagram of the device (a), diagram of the underwater part of the device (b) and attachment of the mussel 
to the block of colonies (c). 1 – sealed container with batteries; 2 – block of mussel colonies; 3 – watertight connector 
(Source: Authors)

Figure 2. Scheme of attachment of a mussel to a block of colonies (a) and characteristics of the magnetic field in the 
measurement range (b) (Source: Authors)
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year-round research of baseline char-
acteristics of mollusk behavior showed 
that under normal conditions, valve 
movements follow a strict daily rhythm. 
With the onset of dusk, the frequency 
of adductions (rapid valve closing and 
subsequent opening within 0.5-1 min-
ute) increases sharply and continuously, 
with gradually decreasing frequency, un-
til dawn. During daylight hours, the fre-
quency of valve closures ranges from 
1 every 2-3 hours to 2-3 per hour. The 
frequency increases sharply to 10-15 or 
more times per hour in the initial phase 
of the nighttime portion of the daily cy-
cle (Trusevich et al., 2021). The ability 
of the organism to maintain a normal 
daily rhythm indicates the level of adap-
tation of the animal to its habitat. Any 
deviations from normal conditions indi-
cate significant changes in environmen-
tal parameters.

In the daily rhythm of freshwater mol-
lusks, two groups of movements can be 
distinguished: a) adductions (valve clo-
sures) – rapid, brief movements of valve 
closure and opening lasting from 0.5 to 
1.5-2 minutes (Trusevich et al, 2021), 
which mainly facilitate the removal of 
metabolic products and pseudo-feces, 
and b) slow, occupying most of the day, 
shallow oscillations that facilitate filtra-
tion and respiration processes. The am-
plitude and frequency of valve opening 
are completely individual and vary wide-
ly depending on the physiological state 
of the mollusks and fluctuations in en-
vironmental factors.

Mollusks react sharply to many sud-
den changes in the surrounding en-
vironment. Tapping on the aquarium, 
sudden sounds, vibrations, sudden 
shadows, and the like cause mollusks 
to instantaneously (within 2-3 seconds) 
close their valves for a short time (1-2 
minutes) (Trusevich et al, 2021), which 
appears to be a manifestation of pro-
tective reflexes. However, with frequent 
repetition of these non-damaging ef-
fects, the magnitude of the mollusk 
reaction decreases rapidly and dis-
appears. Such brief synchronized re-
sponses of mollusks practically do not 
affect the overall rhythm of valve move-
ment, and  during the operation of au-
tomated water environment monitoring 
systems, they should be excluded by 
the controlling computer programs as 
false signals.

Sensitivity of freshwater 
mollusks to pollutants
Laboratory experiments assessing 
the sensitivity of mollusks to pollut-
ants in freshwater environments have 
been conducted since 2017 in 120-li-
ter aquariums installed on the river-
bank with continuous water flow from 
the main riverbed at 4 liters per min-
ute. Experiments were conducted syn-
chronously in flowing and non-flowing 
variants. In the non-flowing variant, the 
calculated concentration of the pollut-
ant was introduced into the aquarium 
through a tube from a distance of 3 me-
ters. Uniform mixing was achieved using 
an aquarium micro compressor. In the 
flowing variant, the calculated concen-
tration of the toxicant solution was sup-
plied by a peristaltic pump directly into 
the flow of incoming water in the aquari-
um, thus maintaining the necessary con-
centration of the toxicant throughout the 
experiment.

The mollusks were tested for sensitivity 
to: ammonia – 1; 2; 10 MAC; copper sul-
fate – 0.062; 0.125; 0.25; 0.5; 1; 2 MAC; 
detergent sodium dodecyl sulfate (SDS) 
– 1; 2; 3; 5 MAC; lead acetate – 10; 20; 
30; 50 MAC; cadmium sulfate – 20; 30; 
100 MAC; potassium bichromate – 10; 
20; 100 MAC; nickel sulfate – 20; 100 
MAC (in terms of metal ions), in accor-
dance with MAC values established by 
Russian Hygienic Standards (Trusevich 
et al., 2017).

Results showed that signs of mollusk 
reaction to the appearance of polluting 
chemical agents in water depend on 
the nature and concentration and man-
ifest in increased frequency and dura-
tion of adductions, decreased ampli-
tude of valve opening, and/or complete 
closure of valves during negative influ-
ences. Negative effects are detected for 
several hours after the removal of pollut-
ing components from aquarium water. 
Mollusks react sharply to ammonia and 
detergents even at relatively low con-
centrations – 2 mg/l (2 MAC) according 
to Russian Hygienic Standards (SanPiN 
1.2.3685-21). Copper ions present the 
highest stress factor for mollusks, with 
sensitivity thresholds as low as 0.006 
mg/l (Trusevich et al., 2017). In the wa-
ters of the Chornaya River, which have a 
high content of humic substances and 

other components of organic and miner-
al suspension, the toxic action of heavy 
metals on mollusks is greatly reduced. 
The first signs of lead impact at 2-hour 
exposure are only detected at 100 MAC 
(0.6 mg/l), nickel at 100 MAC (2 mg/l), 
cadmium at 20 MAC (0.02 mg/l), and 
chromium at 20 MAC (1 mg/l). This is 
explained by the fact that salts of heavy 
metals and other chemically active sub-
stances, upon entering water environ-
ments with high humic acid content, 
practically instantaneously form com-
plex compounds of varying stability 
levels and are largely converted to sed-
iment in bottom silts, while the greatest 
danger to living organisms comes from 
free ions of chemically active elements 
(Trusevich et al., 2017).

It is important to note that mollusk reac-
tion in the flowing water variant of the 
experiments is significantly lower than 
in the non-flowing variant. Consequently, 
when assessing the toxicity of a sub-
stance, significant discrepancies can 
arise between flowing and stagnant wa-
ter conditions. These conclusions are 
fully consistent with data from numer-
ous foreign researchers.

Organization of a system 
for monitoring the aquatic 
environment
Active research, which began in 2020, 
is currently underway to develop sensor 
networks for water quality monitoring, 
including those based on the principles 
of the Internet of Things (Trusevich et 
al., 2010). The creation of a unified auto-
mated aquatic environment monitoring 
system with a single monitoring center 
is a critical requirement for implement-
ing the operational control program, as 
it will ensure the detection of emergen-
cy situations and the adoption of mea-
sures to prevent negative impacts on 
aquatic ecosystems. The proposed sys-
tem consists of three elements: a serv-
er with a database, the biosensor sys-
tems described in the previous section, 
and user or operator information pan-
els (fig. 3).

The system server is implemented us-
ing scripts stored on remote comput-
ers in the Data Center. These scripts 
enable the following capabilities: 
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importing current calibration coeffi-
cients for each system to the server; 
receiving data from the system and 
storing this data on the measurement 
data server; providing system opera-
tors with access to measurement data, 
primary data, calibration coefficients, 
and data received from the system on-
line. The server software, responsible 
for processing incoming measurement 
data, extracts data from the POST re-
quest received from the system. Based 
on the received system serial number, 
this software finds the correspond-
ing data on the server and appends 
the new data to the primary measure-
ment data files and physical charac-
teristics files.

The systems transmit primary and pre-
processed measurement data to the 
server and upload calibration coeffi-
cients. Using specialized software on 
the dashboard, the operator can access 

the server and monitor the status of any 
operating system (or determine why one 
is currently down). The software auto-
matically monitors physiological pa-
rameters and behavioral responses of 
mussels, such as valve opening range, 
closure frequency, and duration of clo-
sure, among other things. After ana-
lyzing these parameters, the program 
can identify significant deviations from 
normal values and generate alerts that 
may indicate pollution in the monitored 
aquatic area.

To manage the system, the operator 
must periodically (but no more than 
once every 24 hours) monitor and an-
alyze the system’s status: to identi-
fy unusual behavior patterns; to de-
tect measurement channels that are 
not functioning properly; and to study 
long-term degradation patterns (pos-
sible responses to long-term, low-lev-
el pollution).

Laboratory and field tests 
of the device
Before long-term trial operation, the sys-
tem’s functionality was verified in labo-
ratory and field conditions for both ma-
rine and freshwater environments.

Laboratory tests (marine environ-
ment): During the first stage, a prepared 
mussel colony block with attached ma-
rine mussels was placed in a tank con-
taining seawater, where the mussels 
adapted for 24 hours, and data on their 
normal valve activity was transmitted to 
the server. The seawater was enriched 
with oxygen by blowing air through it 
using a micro-compressor. The lighting 
was not changed during the tests, and 
no impacts on the tank were allowed 
to confirm the “NORMAL STATE” sig-
nal in the program interface. At the be-
ginning of the tests, 5 grams of a 10% 

Figure 3. Diagram of the aquatic environment monitoring system (Source: Author)
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ammonia solution were added to the 
tank using a syringe. Within 10 minutes, 
a “POLLUTION” warning signal appeared 
on the operator’s computer monitor. A 
second portion of the prepared solu-
tion, 5 grams at a 10% concentration, 
was then added to the tank. Within 10 
minutes, a “DANGEROUS POLLUTION” 
warning signal appeared on the oper-
ator’s computer monitor. Changes in 
motility parameters were monitored on 
the operator’s computer monitor using a 
valve activity analysis program. After the 
warning signals were generated, the wa-
ter in the tank was replaced with clean 
water, and the time it took for the mus-
sels to regain motility was recorded.

Field testing (marine environ-
ment): Tests in the marine environment 
were conducted by exposing the mus-
sels to a measured level of pollution in 
the immediate vicinity of a mussel colo-
ny block located at the operating depth. 
An environmentally safe solution of ta-
ble salt, detergent, and white clay was 
first prepared. The underwater module 
of the complex was installed at a depth 
of 3 meters, where the mussels adapt-
ed for 2 hours, and data on their nor-
mal valve activity was transmitted to 
the server. The prepared solution was 
poured through a 40 mm diameter plas-
tic pipe at a distance of 1 m from the 
underwater module. The operator mon-
itored the mollusks› motor activity us-
ing a valve activity analysis program. 
Within 15 minutes, the «DANGEROUS 
POLLUTION» warning signal was auto-
matically generated.

Additionally, the system was tested for 
mechanical impacts, leakage, and hy-
drostatic pressure, as well as for mea-
suring mussel valve opening, tempera-
ture, illumination, and pressure, and for 
monitoring battery voltage.

Field trial operation (marine environ-
ment): From August to December 2021, 
the first unit of the system was deployed 
in the coastal waters of Sevastopol at 
the mariculture aquafarm for trial oper-
ation. From June to October 2022, the 
system was reinstalled. After 120 days, 
14 of the 16 mussels remained in the 
operating position (two mussels died).

Freshwater system performance: The 
freshwater system deployed for two 
years in continuous functioning at water 
intake monitoring points in Sevastopol 

demonstrated high sensitivity, reliabili-
ty, and efficiency in detecting dangerous 
water pollutants in real time. The sys-
tem successfully operated under natural 
conditions in the Chornaya River, show-
ing the ability to continuously monitor 
freshwater quality while maintaining op-
erational stability over extended periods.

Anomaly detection using 
machine learning
Anomaly detection in our system is im-
plemented using machine learning al-
gorithms. The study assessed the fea-
sibility of anomaly detection in bivalve 
data using unsupervised machine learn-
ing algorithms (Grekov et al., 2023). Four 
machine learning algorithms were test-
ed for the anomaly detection procedure: 
elliptical envelope, isolation forest (iFor-
est), one-class support vector machine 
(SVM), and local outlier factor (LOF).

By tuning the hyperparameters of the 
four algorithms, their performance esti-
mates were obtained, and the response 
time of the methods for anomaly detec-
tion was assessed. Since an F1 score 
of one was obtained for three algo-
rithms with different hyperparameters, 
the methods were compared in terms of 
response time and anomaly detection. 
The F1 score is the harmonic mean of 
precision and recall and provides a bet-
ter estimate of misclassified cases than 
the accuracy score.

For three anomalies, the iForest ma-
chine learning algorithm demonstrated 
the best anomaly response rate when 
averaging data over 15 minutes. The 
same set of averaging times was tested 
for all models: no averaging, 1 minute, 
5 minutes, 15 minutes, and 30 minutes. 
The elliptical envelope and one-class 
SVM algorithms also demonstrated 
good performance, but their anomaly 
detection rates were lower than those 
of the iForest algorithm. This artificial 
intelligence component significantly en-
hances the system’s ability to identify 
subtle environmental changes and dis-
tinguish genuine pollution events from 
natural behavior variations, thereby im-
proving the reliability and responsive-
ness of the monitoring network.

Conclusion
The developed system enables early 
detection of dangerous levels of pol-
lution in both marine and freshwater 
bodies. The system automatically and 
in real time receives digital data on 
mussel movements using Hall sensors 
and magnets attached to their shells. 
Individual responses of 16 mussels are 
simultaneously recorded. A synchro-
nized response by a group of mussels 
(at least 70% of the total) triggers an 
alarm. The developed software ana-
lyzes mussel movement trends, identi-
fies synchronized mussel responses to 
environmental influences, automatically 
triggers an alarm, and transmits data on-
line (all in real time). The system’s laten-
cy to respond to pollution ranges from 
a few seconds to several minutes, de-
pending on its nature and concentration.

10 years of use of the system in both 
marine and freshwater environments 
confirm its high effectiveness in assess-
ing water quality and pollution levels in 
seas, freshwater bodies, and rivers. The 
design features of the developed sys-
tem allow it to be used both as a perma-
nent water monitoring station and as a 
portable option for active monitoring in 
specific regions and areas. The system’s 
demonstrated performance in diverse 
aquatic ecosystems – from seawater to 
river freshwater – underscores its ver-
satility and robustness for sustainable 
water utilization applications.

The key advantages of the proposed 
system include: a highly automated 
monitoring process, the ability to cre-
ate large automated aquatic monitor-
ing networks, enabling real-time detec-
tion of pollution sites and assessment 
of their hazard to humans and other liv-
ing creatures, high reliability, ease of op-
eration, durability, and a relatively low 
cost. The use of native mollusks al-
lows for the scalability of the complex 
and the entire system to other regions. 
Integration of artificial intelligence and 
machine learning algorithms further en-
hances the system’s capability to detect 
anomalies with high precision and min-
imal false positives, supporting effec-
tive environmental management and the 
achievement of sustainable water utili-
zation goals.
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2026 Asia-Pacific Climate 
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Bali, Indonesia
Contact:
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Conference/2364/APCS/
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11-13 March 2026 (Main Conference)
2026 12th Better Air Quality 
Conference (BAQ)
Bangkok, Thailand
Contact:
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Conference Secretary
AREEE Conference Secretariat
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Triune Exhibitors Pvt. Ltd.
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https://www.enertecasia.com/

9-11 June 2026
Asia Pacific Green Hydrogen 2026
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Contact:
Conference Secretariat
Email: secretariat@borneobiz-
connect.com
https://hydrogenapac.com/
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World Hydrogen Energy Conference 
(WHEC) 2026
Singapore
Contact: 
Conference Secretariat
Email: info@whec2026.org
https://whec2026.org/
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2026 Asia Climate Summit 
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Contact:
International Emissions Trading 
Association (IETA)
The Great Room, 63 Robinson 
Road, Afro-Asia
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Email: singapore@ieta.org
https://www.ieta.org/events/
asia-climate-summit-acs-2026

7-10 July 2026
ITU AI for Good Global Summit 2026
New York, USA 
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ai-events-calendar/

8-9 July 2026
Carbon Capture APAC Summit 2026
Melbourne, Australia 
https://www.carboncaptureapac.com
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Innovative technologies for building 
climate-resilient cities in Asia and the Pacific

Oct-Dec 2024

Technologies for 
Climate-Resilient 
Infrastructure
Opportunities and 
challenges for Asia 
and the Pacific

APCTT
Asian and Pacific Centre 
for Transfer of Technology

ESCAP

Asia-Pacific 
Tech Monitor

Volume 41, No. 4, October-December 2024

Technologies for Climate Resilient 
Infrastructure

Opportunities and challenges for 
Asia and the Pacific

April-June 2025

Leveraging intellectual 
property for technology
commercialization and 
diffusion

Asia-Pacific 
Tech Monitor

Volume 42, No. 2, April-June 2025

Leveraging intellectual property for technology 
commercialization and diffusion

APCTT
Asian and Pacific Centre 
for Transfer of Technology

ESCAP

Asia-Pacific 
Tech Monitor

Volume 42, No. 3, July-September 2025

Harnessing Artificial Intelligence for 
Energy Transition

https://apctt.org/techmonitor/harnessing-artificial-intelligence-energy-transition
https://apctt.org/techmonitor/innovative-technologies-building-climate-resilient-cities-asia-and-pacific
https://apctt.org/techmonitor/artificial-intelligence-climate-change-mitigation-and-adaptation-opportunities-and
https://apctt.org/techmonitor/leveraging-intellectual-property-technology-commercialization-and-diffusion
https://apctt.org/techmonitor/technologies-climate-resilient-infrastructure-opportunities-and-challenges-asia-and
https://apctt.org/techmonitor/green-hydrogen-technologies-opportunities-and-challenges-asia-pacific-region


The Asia-Pacific Tech Monitor has been the flagship periodical of APCTT since 1993. It 
is an online quarterly periodical featuring theme-based articles that provide trends in 
technology transfer and development, innovation and technology policies, market, data 
and analysis with respect to relevant issues, case studies, good practices and innovative 
technologies. Each issue of Tech Monitor focuses on a special theme and the articles are 
written by authors/experts of national and international repute. The periodical aims to 
enhance the technology intelligence of relevant stakeholders from member States of 
ESCAP to meet the challenges of today’s dynamic business and technological setting.

Asian and Pacific Centre for Transfer of Technology (APCTT)
United Nations Economic and Social Commission for Asia and the Pacific (ESCAP)

C2, Qutub Instituitional Area, New Delhi 110016, India

www.apctt.org apctt.techmonitor@un.org 91 11 30973750

Asian and Pacific Centre for Transfer of Technology

UNAPCTThttps://twitter.com/UNAPCTTUNAPCTThttps://www.facebook.com/UNAPCTT

www.linkedin.com/company/95027612/admin/feed/posts


	Technology market scan
	_Hlk212174450

