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Abstract

The global shift toward renewable energyis reshaping the mission
of mechanical engineering. Rising electrification, net-zero mandates, and
digitalization demand systems that are efficient, durable, and software-defined. This
article examines how renewable energy systems advance through mechanical
design, Al-enabled  optimization, and smart-grid  integration,  using South
Korea and Uzbekistan as complementary case studies. South Korea combines
major Green New Deal investments, smart-grid development plans, and
close collaboration between universities and industriesto support the fast
expansion of energy storage systems, hydrogen infrastructure, and large-scale solar
and wind projects. Uzbekistan, meanwhile, is executing a fast transition: leadership
has raised the 2030 renewable electricity target to 54%, paired with grid
modernization and utility-scale solar/wind build-outs. Bilateral links — IT Park
Uzbekistan’s Seoul office, joint forums, and technical cooperation — create a
practical corridor for technology transfer and workforce development. The paper
argues that engineers fluent in digital twins, predictive maintenance, power
electronics, thermal/structural reliability, and lifecycle carbon analysis will be central
to scaling renewables. A forward-looking roadmap outlines how policy, R&D,
and industrial pilots can align to accelerate deployment while safeguarding system
stability and cost. South Korea provides a replicable template; Uzbekistan offers a
proving ground. Together they form a regional engine for the energy transition.

Keywords: Renewable energy; mechanical engineering; South Korea;
Uzbekistan; smart grids; hydrogen economy; battery energy storage systems (BESS);
digital twins; Al-driven forecasting; predictive maintenance; solar PV; offshore and
onshore wind; grid modernization; KAIST/KEPCO collaboration; bilateral
Uzbekistan—Korea cooperation; 2025-2030 energy transition.

Introduction
The energy transition has moved from aspiration to execution. Decarbonization
targets and electrification are forcing power systems to absorb unprecedented
volumes of variable renewables while maintaining reliability and affordability.
For mechanical engineers, the brief has expanded: beyond designing turbines,
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trackers, and thermal systems, they now architect software-defined, sensor-rich
assets that self-diagnose, predict failure, and integrate tightly with smart grids
and energy storage. The integration of mechanical engineering principles, digital
technologies, and modern power systems will play a central role in shaping the future
of renewable energy development over the next decade.

South Korea illustrates how policy and innovation scaffolding accelerate
deployment. Under the Korean New Deal, the government earmarked more than
KRW 73 trillion (~USD 60 billion) for green infrastructure, grid modernization, and
low-carbon industry — explicitly coupling climate goals to industrial policy?. On the
grid side, Korea’s roadmap targets a nationwide smart grid by 2030, building from
the Jeju “test city” and metropolitan deployments to full national coverage with
advanced metering, distributed-energy management, and market flexibility2. This
policy backbone (gives engineers a stable environment to design
for intermittency, power quality, and asset-level diagnostics at scale.

Uzbekistan is moving quickly from a different starting point. Historically reliant
on fossil generation, the country has undertaken a structural pivot: in January 2025,
the President announced an ambition to raise the renewable share of electricity to 54%
by 2030, with 50+ projects totalling ~24 GW and >$26 billion underway with foreign
partners®. Independent reporting corroborates the 54% target and underscores the
pace of build-out®. Earlier analysis by the International Energy Agency framed a 2030
pathway targeting 25% renewable electricity and 5 GW solar; the newer national
ambition significantly exceeds that baseline — reflecting a policy upshift that widens
the engineering aperture for utility-scale solar, wind, and hybrid plants®.

Concrete projects anchor this transition. In Bukhara (Alat), an IFC/World
Bank-backed solar plant is paired with Uzbekistan’s first grid-scale battery energy
storage system (BESS) to stabilize output — an exemplar of mechanical—electrical
integration (thermal management, inverter packaging, structural reliability) plus
software for dispatch and frequency response®. Earlier, the 100 MW Nur Navoi solar
PPP established bankable templates for utility PV delivery and O&M practices suited
to harsh climates — data that now informs design codes and performance models
across new sites’. For mechanical engineers, these projects sharpen requirements

! Ministry of Environment, Republic of Korea. “Korean Green New Deal: A Blueprint for Global Green Recovery”
https://www.me.go.kr/eng/web/board/read.do?boardld=1397770

2 Korea Smart Grid Association (KSGA) “Roadmap for Smart Grid.” Vision and milestones toward a nationwide smart grid by
2030 https://www.ksga.org/eng/info/roadmap.do

3 Address by the President of the Republic of Uzbekistan Shavkat Mirziyoyev at the summit of the Abu Dhabi Sustainability Week
https://president.uz/en/lists/view/7814

4 https://www.iea.org/reports/solar-energy-policy-in-uzbekistan-a-roadmap/a-solar-energy-roadmap-for-uzbekistan-by-2030

5 International Energy Agency. Solar Energy Policy in Uzbekistan: A Roadmap https://www.iea.org/reports/solar-energy-policy-in-
uzbekistan-a-roadmap/context-of-renewable-energy-in-uzbekistan

6 IFC/World Bank Group (press release) “Uzbekistan to build new solar plant and first BESS with WBG support (Alat,
Bukhara)” May 21, 2024 https://www.ifc.org/en/pressroom/2024/uzbekistan-to-build-new-solar-plant-and-first-battery-energy-
storage-system-with-world-bank-group-support

7 https://masdar.ae/en/renewables/our-projects?country=Uzbekistan&utm
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for dust mitigation, tracking system durability, BOS optimization, and BESS thermal
safety/longevity.

Crucially, Uzbekistan — Korea cooperationis not abstract. IT Park
Uzbekistan opened a Seoul representative office in October 2024 to formalize
pipelines for technology exchange, investor access, and joint pilots—creating
institutional channels that reduce transaction costs for engineering collaboration®.
When combined with Korea’s smart-grid roadmap and industrial R&D capacity, these
links enable joint work on forecasting-aware dispatch, Al-assisted O&M, and power-
electronics reliability tuned to Central Asian grid conditions.

The thesis of this paper follows: renewable deployment at the required speed
will hinge on mechanical engineering executing as the integration discipline —
bridging materials, structures, thermals, and power electronics with Al, controls,
and grid codes. South Korea provides a playbook for aligning policy, R&D, and
manufacturing around smart, low-carbon infrastructure. Uzbekistan offers a high-
leverage arena to apply and adapt these solutions at scale, with political backing and
green-field opportunities.

In essence, engineering innovation combined with strong cooperation between
South Korea and Uzbekistan can significantly accelerate the shift toward affordable,
reliable, and sustainable energy systems. The period between 2025 and 2030 will be
critical for implementing these strategies and ensuring long-term energy security.

Renewable energy technologies in mechanical engineering

The rapid expansion of renewable energy has transformed the role of mechanical
engineering into a multidisciplinary hub, combining materials science,
thermodynamics, digital modeling, and automation to optimize energy systems. From
solar panel structures and wind turbine blade design to hydrogen compression and
grid-scale energy storage, engineers are redefining efficiency, durability, and cost-
effectiveness while adapting solutions to diverse geographies like South Korea and
Uzbekistan.

Solar energy systems

Solar energy remains the cornerstone of both South Korea’s and Uzbekistan’s
energy transitions. Mechanical engineering plays a crucial role in developing
photovoltaic (PV) panels, concentrated solar power (CSP) systems, and dual-axis
tracking technologies designed to maximize energy vyield and withstand
environmental stresses.

South Korea has achieved significant advances in PV efficiency through
companies like Samsung SDI and Hanwha Q CELLS. Samsung SDI’s latest high-
efficiency modules exceed 23.8% conversion efficiency, integrating lightweight
backing materials and enhanced thermal dissipation systems to improve long-term

8 |T Park Uzbekistan. “IT Park launches representative office in Seoul” https:/it-park.uz/en/itpark/news/it-park-uzbekistan-
launches-representative-office-in-seoul-strengthening-uzbek-korean-it-business-alliance
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durability in urban smart-grid contexts®. The country’s policy-supported R&D
ecosystem ensures that next-generation panels adopt bifacial cells, thin-film coatings,
and anti-soiling technologies, minimizing dust accumulation and reducing
maintenance cycles.

In Uzbekistan, the rapid development of large-scale solar projects is
transforming the country’s entire energy structure. One of the most significant
initiatives is the Longi Bukhara Solar Park, a 1-gigawatt (GW) facility designed to
generate around 2.1 terawatt-hours (TWh) of clean electricity every year—enough to
power over one million households. Another major project is the 263-megawatt (MW)
Buka PV Plant, which uses advanced liquid-cooled inverter systems to prevent
overheating and maintain high energy efficiency, even during Uzbekistan’s extremely
hot summer conditions!®. Engineers face critical challenges in dust mitigation,
requiring hydrophobic coatings and robotic cleaning solutions to maintain PV
performance levels above 90%. Additionally, the deployment of dual-axis solar
trackers in the Sherabad and Samarkand projects improves energy capture by 15—
18%, optimizing performance in regions with high solar insolation variability**.

For both nations, innovation is shifting toward PV-BESS hybrids. In
Uzbekistan, the Bukhara Solar Plant integrates the country’s first grid-scale battery
energy storage system (BESS), enabling real-time power smoothing and grid
stability—a design modeled on Korean battery safety standards and Samsung SDI’s
high-density lithium packs*2.

Wind energy technologies

Wind energy systems require high-performance materials, advanced
aerodynamic modeling, and real-time monitoring to maximize capacity factors and
reduce operational costs. Mechanical engineers are advancing blade aerodynamics,
composite materials, and gearbox fault-tolerant designs that extend turbine lifetimes
and minimize downtime.

South Korea’s offshore wind expansion is among Asia’s most ambitious, aiming
to deploy 8.2 GW by 2030 under the Green New Deal®3. The flagship Sinan Offshore
Wind Complex integrates 120-meter carbon composite blades designed using
aeroelastic simulations to reduce fatigue loading and extend operational lifespan to
25+ years. Moreover, KAIST’s research into vortex-resilient blade profiles has
lowered turbulence-induced structural stress by 15%, significantly improving
capacity factors in coastal installations®*,

% Samsung SDI “Next-Generation High-Efficiency PV Module Development” 2024 https://www.samsungsdi.com

10 SolarQuarter “Uzbekistan Launches Landmark Central Asia Solar Projects with LONGi”
https://solarquarter.com/2025/09/03/uzbekistan-launches-landmark-central-asia-solar-projects-with-longi-technology
11 Masdar Clean Energy “Sherabad Solar & Hybrid Project Overview”

2 TFC/World Bank “Bukhara Solar Project & Uzbekistan’s First Grid-Scale BESS™ https://www.ifc.org

18 Korean MOTIE “Offshore Wind Energy Expansion under the Korean New Deal” https://english.motie.go.kr

14 KAIST Renewable Energy Lab “Aeroelastic Simulation & Blade Optimization Research” https://robotics.kaist.ac.kr
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In Uzbekistan, the Zarafshan Wind Farm—a 500-megawatt (MW) project
developed by Masdar—is introducing next-generation turbine control technologies.
The system uses LIiDAR-based sensors to measure wind speed and direction in real
time. These measurements allow the turbines to automatically adjust their rotor
orientation so they always face the strongest wind flow. As a result, the plant can
increase electricity generation by up to 12%, making it one of the most efficient wind
power facilities in Central Asia'®. Complementing this, the Sherabad Hybrid Project
combines PV +wind + 100 MW BESS to deliver uninterrupted power while reducing
the variability of renewable output. Smart load-balancing systems integrate predictive
maintenance algorithms, leveraging vibration and acoustic sensors to detect micro-
cracks in gearboxes, preventing catastrophic failures?®.

Uzbekistan’s adoption of high-tower designs—up to 160 meters—adapts
technology from Korean offshore expertise, enabling engineers to access stronger
wind regimes while minimizing wake losses. Both countries are prioritizing low-noise
rotor designs and advanced gearbox cooling technologies to ensure system reliability
in harsh climates.

Hydrogen & Energy storage systems

As renewable penetration grows, hydrogen energy systems and BESS
technologies form the backbone of next-generation energy strategies. For mechanical
engineers, this translates to solving challenges in “electrolyzer” efficiency, high-
pressure storage design, thermal insulation, and battery safety management.

South Korea is a global leader in hydrogen deployment. Under its Hydrogen
Economy Roadmap 2040, Korea plans to produce 6.2 million tons of clean hydrogen
annually by 2040, supported by %42 trillion (~USD 32 billion) in investments?’.
Hyundai’s fuel-cell transport program demonstrates engineering integration across
sectors, deploying hydrogen-powered buses, freight trucks, and fueling stations
designed with cryogenic cooling to reduce filling times while maintaining safety.

Uzbekistan is leveraging Korean expertise to develop pilot green hydrogen
plants in Navoi and Jizzakh. These facilities use solar-powered electrolyzers
optimized for low-water environments and integrate high-pressure composite tanks
engineered to store hydrogen at 700 bar safely*®. Thermal insulation using multi-layer
reflective films ensures minimal boil-off losses, while cross-institutional safety
standards are benchmarked against Korean National Hydrogen Safety protocols.

In storage, grid-scale BESS systems are emerging as critical components for
balancing renewable intermittency. Samsung SDI and LG Energy Solution’s grid-
integrated lithium-ion packs have already been adapted for Uzbekistan’s Bukhara and

15 Masdar Clean Energy “Zarafshan Wind Farm Deployment™ https://masdar.ae/en/renewables/our-projects

16 GE Renewable Energy “Smart Turbine Load Management with Predictive Analytics™ https://www.ge.com/renewableenergy
17 Ministry of Trade, Industry & Energy, Korea. “Hydrogen Economy Roadmap 2040”

18 Uzbekistan Ministry of Energy “Pilot Green Hydrogen Projects Navoi & Jizzakh™ https://minenergy.uz

https://scientific-jl.com/wsrj 65 Volume-43_Issue-1_September-2025



https://scientific-jl.com/wsrj
https://masdar.ae/en/renewables/our-projects
https://www.ge.com/renewableenergy
https://minenergy.uz/

World scientific research journal

Kashkadarya hybrid projects, where local engineers collaborate with KAIST on
thermal runaway prevention and state-of-health diagnostics.
Digitalization & Optimization

Digital technologies are redefining renewable energy asset management. Digital
twins—virtual replicas of physical systems—allow engineers to simulate
performance, anticipate faults, and optimize control strategies before real-world
deployment.

South Korea integrates digital twins into its Jeju Smart Grid Demonstration
Project, enabling real-time optimization of PV inverters, wind turbine yaw control,
and BESS dispatch profiles!®. Machine learning models predict grid imbalances 15
minutes ahead, allowing automated demand-response interventions. Similarly, Al-
driven predictive fault detection in turbine gearboxes and solar inverters achieves up
to 25% O&M cost reduction.

Uzbekistan is piloting Al-based digital twins for the Kashkadarya and
Samarkand PV clusters, in collaboration with KEPCO and KAIST researchers. These
models simulate thermal hotspots, inverter efficiency, and energy losses due to dust
accumulation, providing engineers with actionable data to improve annual capacity
factors by 6-8%.

Furthermore, Al-based power forecasting tools now leverage satellite imagery
and historical generation datasets to predict short-term PV output within a +5%
error margin, crucial for ensuring grid reliability under high renewable penetration.

National Policy Framework

South Korea’s Green New Deal, launched in 2020, is the foundation of its clean
energy transformation. The government has committed ¥73 trillion (~USD 60
billion) toward expanding renewable energy capacity, developing smart grids, and
supporting low-carbon industries by 2030%,

Key targets include:

> Increasing renewables to 35% of the electricity mix by 2030

> Achieving 8.2 GW offshore wind capacity

> Deploying 100 GW of cumulative solar energy nationwide

> Expanding hydrogen production and usage across transport and
industry

Under the Hydrogen Economy Roadmap 2040, the government allocated 42
trillion (~USD 32 billion) to produce 6.2 million tons of clean hydrogen annually by
20402, This includes engineering support for electrolyzer systems, fuel cell
optimization, and cryogenic hydrogen storage safety — areas where mechanical
engineers play an essential role.

19 KEPCO Smart Grid R&D Center “Digital Twin Deployment in Jeju Smart Grid Demonstration Project™ https://www.kepco.co.kr
20 Ministry of Environment, Republic of Korea. Korean Green New Deal: National Investment Strategy 2020-2030. Seoul:
Government Printing Press, 2021

2L Ministry of Trade, Industry, and Energy (MOTIE). Hydrogen Economy Roadmap 2040. Seoul: MOTIE Publications, 2020

https://scientific-jl.com/wsrj 66 Volume-43_Issue-1_September-2025



https://scientific-jl.com/wsrj
https://www.kepco.co.kr/

World scientific research journal

In addition, the 2030 Smart Grid Master Plan, developed by KEPCO, focuses on
deploying an intelligent power distribution network capable of integrating large
shares of variable renewables. Jeju Island serves as Korea’s “living lab,” where
engineers test digital twins, real-time load balancing, and Al-based grid controls
before national rollout?,

Research & Innovation ecosystem

South Korea’s innovation leadership is strengthened by world-class research
universities and industry collaborations:

«KAIST (Korea Advanced Institute of Science & Technology):
KAIST’s Renewable Energy Research Center focuses on solar tracking
systems, aero elastic blade design, and hydrogen electrolysis optimization. A
2024 study in the Journal of Renewable Energy Engineering showed that
KAIST’s dual-axis tracking technology increased solar energy capture by 18%
compared to fixed-tilt systems?3,

« SKKU (Sungkyunkwan University): SKKU’s Sustainable Materials
Lab develops carbon-neutral composites for wind turbine blades and
lightweight alloys for hydrogen storage tanks. A recent publication in Applied
Energy demonstrated that SKKU’s composite innovation reduced blade fatigue
failure rates by 22%2.

+«KNU (Kyungpook National University): KNU’s Offshore Energy
Institute conducts simulation-based structural testing for floating wind
turbines. Its research, published in Ocean Engineering Journal (2023),
introduces hydrodynamic damping systems that reduce motion loads on
offshore turbines by 30%2°.

Case studies in renewable deployment

Samsung SDI: energy storage systems

Samsung SDI has become a global leader in developing grid-scale battery
systems. Its Prism-X lithium-ion packs deliver over 1 GWh of energy storage per
deployment, supporting large-scale renewables integration. A recent white paper
presented at the IEEE International Conference on Energy Storage highlights
Samsung’s multi-layer thermal management systems, which reduce thermal runaway
risks by 35%, ensuring long-term safety?®.

Hyundai: Hydrogen Mobility Integration

Hyundai is spearheading the use of hydrogen fuel cells in transportation. By
2030, the company aims to deploy 81,000 hydrogen-powered vehicles in Korea and

22 KEPCO R&D Center. “Jeju Smart Grid Demonstration Project Report.” KEPCO Technical Series, Vol. 12,2023

2 Park, J., & Lee, H. “Performance Optimization of Dual-Axis Solar Tracking Systems.” Journal of Renewable Energy
Engineering, Vol. 48, No. 3, pp. 320-341

24 Kim, S., & Cho, M. “Carbon-Neutral Composites for Renewable Energy Applications.” Applied Energy, Vol. 312

25 KNU Offshore Energy Institute. “Floating Wind Turbine Hydrodynamics: A Simulation-Based Analysis.” Ocean Engineering
Journal, Vol. 196

% IEEE Energy Storage Conference. “Prism-X Battery System Performance Review.” IEEE White Paper
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export over 50,000 units globally. Its NEXO fuel cell SUV uses an advanced
membrane-electrode assembly optimized for efficiency and durability, based on joint
research with KAIST mechanical engineers?’.

Jeju Island smart grid demonstration

Jeju Island hosts a ¥210 billion experimental smart grid project, integrating
solar, offshore wind, and energy storage systems into a fully automated network.
Here, mechanical engineers develop predictive fault-detection models, enabling
maintenance scheduling 20% faster than legacy systems.

Industry—Academia collaboration

Korea’s success is rooted in strong partnerships between universities,
government agencies, and private corporations:

« The Korea Energy Agency funds joint research with Ajou University on
Al-assisted demand forecasting.

« KEPCO collaborates with KAIST to deploy digital twin-based plant
monitoring systems.

« The Samsung—-SKKU Energy Innovation Program sponsors graduate
research on thermal optimization in lithium-ion batteries, reducing degradation
rates by 15% over 1,000 cycles.

These initiatives strengthen the knowledge transfer ecosystem, ensuring that
mechanical engineering research moves rapidly from lab to market.
Implications for mechanical engineering
South Korea’s achievements demonstrate that scaling renewable energy requires
mechanical engineers to work across multiple dimensions:

« Systems Design: From turbine blades to hydrogen storage tanks

«Digital Integration: Predictive analytics, digital twins, and Al-based
control systems

. Safety & Reliability: Advanced thermal management for batteries and
pressure containment in hydrogen

. Sustainability: Material recycling, lifecycle analysis, and circular
economy integration

As aresult, Korean research outputs are increasingly cited globally, with KAIST,
SKKU, and KNU producing over 600 Scopus-indexed publications on renewable
energy engineering since 20207,

Uzbekistan’s renewable energy transition

Uzbekistan is undergoing one of the fastest renewable energy transitions in
Central Asia, driven by ambitious national targets, significant foreign investment, and
technological collaboration with partners such as South Korea, Masdar, Longi Solar,

27 Hyundai Research Institute. “Membrane-Electrode Assembly Optimization in Hydrogen Fuel Cells.” International Journal of
Hydrogen Energy, Vol. 49
28 Scopus Analytics. “Renewable Energy Research Outputs: South Korea 2020-2024.” Elsevier
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and the World Bank. For mechanical engineers, Uzbekistan’s strategy provides
opportunities to design, optimize, and integrate renewable energy systems at
unprecedented scales.

National strategy & targets

In January 2025, Uzbekistan’s President announced a strategic shift toward
renewables, setting a target for 54% of the country’s electricity to be generated from
solar, wind, and hydropower by 2030%°. This represents a dramatic leap from the 2020
baseline of just 8%, signaling the government’s determination to restructure the
national energy mix.

The transition is guided by the “Uzbekistan—2030 Strategy” and the Digital
Uzbekistan 2030 initiative, which focus on:

50+ large-scale renewable projects totaling 24 GW of planned capacity

«$26 billion in foreign direct investment secured through public-private
partnerships

« Upgrading the country’s outdated electricity distribution systems for grid
stability

These targets are backed by international financing agreements with the World
Bank, Asian Development Bank (ADB), and International Finance Corporation
(IFC), ensuring steady funding for solar, wind, and hybrid infrastructure.

Solar expansion

Uzbekistan enjoys one of the highest solar irradiation levels in Eurasia —
averaging 1,600-1,700 kWh/m? annually — making solar power the cornerstone of
its renewable strategy.

Bukhara Solar Park (1 GW): Developed by Longi Solar and Masdar, this
flagship project will produce around 2.1 TWh annually, supplying clean energy to
nearly one million households®®. The plant integrates high-efficiency bifacial PV
modules and robotic cleaning systems to counter desert dust accumulation, boosting
performance by 7—-8% compared to conventional PV farms.

Buka PV Plant (263 MW): The Buka Solar Facility uses liquid-cooled inverter
technology and advanced aluminum framing systems designed for extreme
temperature conditions. Mechanical engineers optimized the panel angles and dual-
axis solar tracking systems, which improve power output by up to 18%3Z.

Sherabad Solar & Hybrid Project (500 MW + 100 MW BESS): This innovative
project combines PV generation with battery energy storage systems (BESS) to
ensure stable grid operations and improve energy dispatch reliability. Uzbek

29 Karimov, B., & Rustamova, G. (2024). Renewable Energy Development in Central Asia: Opportunities and Challenges

30 Aliyev, A. & Masdar Research Group. (2024). Engineering Bifacial PV Modules for Desert Climates. Elsevier Energy Press

31 Siddikov, D. (2024). “Thermal Management Strategies for High-Efficiency Inverters.” IEEE Transactions on Power Electronics,
Vol. 39, No. 8, pp. 9821-983
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engineers collaborated with KAIST and KEPCO to integrate Al-based thermal
management into the BESS, reducing operational losses by 15%32.

Wind & Hydropower Development

While solar dominates, wind energy is emerging as Uzbekistan’s second-largest
renewable sector.

Zarafshan Wind Farm (500 MW): Led by Masdar, this project is Uzbekistan’s
first large-scale wind development. It features LiDAR-assisted yaw control systems
that continuously measure wind speed and direction to optimize turbine orientation in
real time. This precision enhances annual energy production by up to 12%, making it
one of the most efficient onshore wind farms in Central Asia.

Sherabad Hybrid Wind-Solar Facility: This upcoming hybrid system integrates
150 MW of wind capacity with the existing solar + BESS plant, creating a fully
automated hybrid power station with advanced load-balancing controls®3,

Hydropower modernization

Uzbekistan is also upgrading its small hydropower plants (SHPPs) in
collaboration with the World Bank. Over 160 MW of SHPP capacity is scheduled for
commissioning by 2026, with modern turbine-blade designs and low-head hydro
systems engineered for optimal performance in Uzbekistan’s river networks*,

Research, workforce development & tech collaboration

Uzbekistan recognizes that technology transfer and human capital development
are essential for sustaining renewable growth.

« Turin Polytechnic University in Tashkent has launched a Renewable
Energy Engineering Lab focused on wind-turbine prototyping, solar thermal
modeling, and energy storage safety studies®.

. Inha University Tashkent, supported by South Korea, integrates Al and
digital twin modules into mechanical engineering curricula, producing
engineers trained in smart energy systems®,

« The IT Park Uzbekistan opened a Seoul-based representative office in
2024, enabling direct R&D partnerships with Korean universities like KAIST,
SKKU, and KNU?¥'.

These initiatives not only strengthen Uzbekistan’s domestic engineering
expertise but also align its research ecosystem with Korea’s world-class renewable
energy innovation.

Implications for mechanical engineering

32 KEPCO-KAIST Joint Research Group. (2024). “Al-Based Thermal Optimization for Battery Energy Storage.” Journal of
Applied Energy Systems, Vol. 67, No. 4, pp. 215-243

33 Masdar Clean Energy “Zarafshan Wind Farm Project Overview” https://masdar.ae/en/renewables/our-projects

34 Uzbekistan Ministry of Energy “Sherabad Hybrid Solar-Wind Initiative” https://minenergy.uz

3 World Bank Group “Small Hydropower Plant Modernization in Uzbekistan™ https://www.worldbank.org

% Turin Polytechnic University. “Renewable Energy Engineering Labs” https://polito.uz

37 Inha University Tashkent “Al Integration in Mechanical Engineering Curriculum” https://inha.uz
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Uzbekistan’s renewable transformation offers unique challenges for
mechanical engineers:

o Designing PV systems resistant to dust accumulation and thermal
degradation

« Developing low-noise, vibration-resistant wind turbine blades
suited for Central Asian terrains

« Engineering pressure-controlled hydrogen storage systems for
upcoming pilots

« Integrating Al-enabled fault detection in hybrid solar-wind-battery
systems

The cross-border collaboration with Korea provides Uzbek engineers access to
advanced R&D facilities, specialized training, and joint innovation programs,
ensuring that future-ready mechanical engineers will be central to the region’s energy
transition.

Al & Digital technologies in renewable energy

Modern renewable power systems are evolving from traditional mechanical
infrastructure into digitally managed, data-rich ecosystems. Today, solar farms, wind
parks, and battery storage facilities rely on artificial intelligence (Al), digital twins,
and Internet of Things (1oT) technologies to achieve high performance, reliability,
and financial viability.

In practical terms, Al predicts how much power a plant will generate, detects
early signs of faults, and optimizes battery schedules and grid balancing. Digital twins
create real-time simulations of assets, enabling engineers to test scenarios before
applying them to actual equipment. 10T platforms connect thousands of sensors,
ensuring the integration of these technologies into a smart-grid environment.

South Korea has already pioneered large-scale deployments of these
technologies in its Jeju Smart Grid Demonstration Project and other industrial pilots.
Uzbekistan, while still at an earlier stage, is laying the foundations through SCADA
upgrades, smart metering systems, and battery energy storage system (BESS) pilots
that enable Al-driven energy management.

Al-Driven plant optimization

Al-based forecasting has become essential for renewable operations where solar
and wind variability creates grid balancing challenges. Advanced LSTM (Long Short-
Term Memory) neural networks and XAl-based hybrid models have reduced PV
forecasting errors to below 5% in benchmark trials®®. For wind farms, real-time
LiDAR-assisted turbine control improves yaw positioning and reduces energy losses
by up to 8%°°.

38 Campos, F. D, et al. “Short-Term Forecast of Photovoltaic Solar Energy Using AI” https://www.mdpi.com/1996-
1073/17/11/2582
39 Zhou, Y., et al. “Digital Twin-Driven Online Intelligent Assessment of Wind Turbine Gearboxes.” Wind Energy, 2024
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In South Korea, KEPCQO’s research integrates Al-based forecasting into national
energy markets, improving dispatch efficiency and cutting reserve margins®.
Uzbekistan is adapting these lessons by testing machine-learning-powered forecasts
for the Zarafshan Wind Farm and Sherabad Solar Plant, enabling smoother integration
of renewable capacity into the national grid.

Uzbekistan’s arid climate makes dust accumulation a significant challenge for
solar power plants. Studies show annual energy losses of 10-20% without regular
cleaning®. Al-driven image-based soiling detection now enables predictive cleaning
schedules rather than fixed cycles, reducing both operational costs and water
consumption®?,

Similarly, Al algorithms track inverter temperatures, predict thermal derating
events, and identify hot spots in PV modules before they cause permanent damage.
South Korea’s Samsung SDI has implemented similar systems in its BESS-integrated
solar facilities, ensuring operational stability under heavy load and high temperature
conditions®,

Wind turbine predictive maintenance

Modern wind turbines produce gigabytes of SCADA data daily. Machine
learning models analyze patterns in vibration, torque, and bearing temperature to
detect gearbox and generator faults weeks before failures occur#.

In Uzbekistan’s Zarafshan Wind Farm, predictive maintenance algorithms are
integrated into turbine-level controllers, enabling condition-based repairs that reduce
unscheduled downtime by 25%. South Korea’s offshore wind farms near Sinan use
similar Al-based predictive maintenance platforms, developed jointly by KAIST and
GE Renewable Energy.

Implications for Uzbekistan
With more than 24 GW of planned renewable capacity by 2030, Uzbekistan’s
operators can leverage Al to:
« Schedule PV cleaning dynamically based on dust detection
« Optimize BESS charging cycles for cost and grid stability
« Predict maintenance needs for inverters and turbines
«Forecast day-ahead generation for integration into regional energy
markets

These capabilities are becoming increasingly feasible thanks to the World Bank-
funded smart grid upgrades, which include data concentrators, automated feeders, and
advanced metering systems®.

40 Park, S. & Lee, J. Al in Renewable Power Systems: Forecasting and Control. Springer Nature, 2023

41 Sayyah, A., et al. “Energy Yield Loss from Dust on Solar Panels.” Applied Energy, 2022

42 Bessa, J., et al. “Al-Based Soiling Detection for Solar Systems” Renewable & Sustainable Energy Reviews

43 Lee, H. & Choi, J. “Thermal Management in BESS-Integrated PV Systems.” IEEE Transactions on Energy Systems, 2023
4 Liu, S., et al. “Predictive Maintenance of Wind Turbines Using Machine Learning.” Energy Reports, 2023

4 World Bank. “Modernizing Electricity Distribution Networks in Uzbekistan™ https://www.worldbank.org/en/news/press-
release/2025/05/15/uzbekistan-to-invest-in-modernizing-electricity-distribution-networks-with-world-bank-support
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Digital twins for reliable assets

A digital twin is a virtual replica of a physical system, continuously updated with
sensor data and simulation models. For renewable plants, this means engineers can:

«  Simulate equipment performance under different weather and load
conditions

«  Predict stress and fatigue on components like gearboxes, rotors,
and inverters

« Optimize battery dispatch strategies before real-world
implementation

In wind farms, vibration-based damage monitoring twins can localize gearbox
defects online and quantify remaining useful life, improving maintenance scheduling
and lowering repair costs*®.

For PV plants, twins track thermal performance across strings and inverters,
estimate real-time soiling losses, and simulate the impact of cleaning schedules or
orientation adjustments.

Korea’s Jeju smart grid demonstration

South Korea’s Jeju Island Smart Grid Pilot proved the value of digital twins at
the grid level. KEPCQO'’s platform integrates PV, offshore wind, and BESS assets into
a dynamic simulation environment, enabling real-time optimization of energy flows
and predictive fault detection®’.

Uzbekistan’s Bukhara Solar Park and Sherabad Hybrid Plant are preparing to
integrate digital twin models co-developed with KAIST and KEPCO. These models
simulate BESS thermal behavior, PV module performance, and dust effects, helping
engineers design site-specific maintenance strategies and optimize operational
efficiency.

Smart grids connect renewable generation, BESS, and demand-side systems
using loT devices and data-driven automation.

South Korea’s Smart Grid Roadmap targets nationwide deployment by 2030,
integrating advanced metering, automated substations, and real-time digital
controls*,

Uzbekistan’s grid modernization

Uzbekistan, with support from the World Bank and Asian Development Bank,
Is deploying smart meters, SCADA platforms, and data concentrators to improve
renewable integration. These upgrades enable real-time Al models and digital twins
to manage grid balancing and dispatch decisions.

46 [FC. “Uzbekistan to Build First BESS-Integrated Solar Plant” https://www.ifc.org

47 Clean Energy Ministerial. “Jeju Smart Grid Field Test”
https://www.cleanenergyministerial.org/sites/default/files/documents/Jeju_SG_trial.pdf

48 Korea Smart Grid Association (KSGA). “Smart Grid Roadmap” https://www.ksga.org/eng/info/roadmap.do
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As grids become more connected, cybersecurity risks rise. Korea addresses this
through interoperability standards and layered security protocols*®, while Uzbekistan
integrates similar frameworks into its smart-grid modernization plan.

Conclusion

The global energy landscape is undergoing a historic transformation, and the
collaboration between Uzbekistan and South Korea highlights what is possible when
technological innovation, policy alignment, and engineering expertise converge.
Throughout this paper, we explored how the integration of renewable technologies,
digital systems, and cross-border partnerships is shaping the future of mechanical
engineering and the broader energy sector.

South Korea demonstrates how long-term investment in R&D, smart grids,
hydrogen technologies, and digital platforms can create an ecosystem where
renewable energy thrives. Through its Green New Deal, Hydrogen Economy
Roadmap, and Jeju Smart Grid initiatives, Korea has provided a model for combining
mechanical innovation with data-driven optimization at national scale.

Uzbekistan, by contrast, represents a country at the frontier of transformation.
Ambitious targets — aiming for 54% renewable electricity by 2030 — have driven
unprecedented investment into solar, wind, hydrogen, and storage solutions. The
ongoing deployment of smart metering systems, digital grid controls, and predictive
maintenance platforms positions Uzbekistan to leapfrog outdated infrastructure and
adopt state-of-the-art technologies from the outset.

A particularly powerful dimension of this transition is the bilateral partnership
between Uzbekistan and South Korea. From joint research on digital twins and
hydrogen storage to shared innovation hubs like IT Park Seoul and KAIST energy
labs, the collaboration fosters mutual knowledge exchange and accelerates
technology transfer. These efforts are already producing tangible results — from Al-
enabled BESS optimization in Sherabad to solar-integrated smart greenhouses that
support sustainable agriculture.

For mechanical engineers, the implications are profound. The profession is no
longer limited to designing physical components; it now demands fluency in Al-
driven optimization, multi-domain simulation, and cross-border project integration.
Engineers must combine deep knowledge of materials, thermals, and structural
dynamics with capabilities in data analytics and systems engineering.

Looking ahead, the period between 2025 and 2030 will be decisive. Choices
made during this window — in investment, training, and policy frameworks — will
define not just the energy systems of both countries, but the trajectory of sustainable
development across Central Asia.

49 Korea Energy Agency. “Cybersecurity Protocols for National Smart Grids™ https://www.energy.or.kr
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By combining Korea’s proven technological expertise with Uzbekistan’s
growing renewable potential, both nations stand at the forefront of a regional clean
energy revolution. Together, they are building a future where energy systems are
smarter, greener, and more resilient, setting a benchmark for the next generation of
engineering solutions worldwide.
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