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Abstract: The rapid expansion of digital
infrastructure, particularly artificial
intelligence-driven data centers, has
intensified global electricity demand and
increased pressure on existing power systems.
Although nuclear energy provides reliable low-
carbon baseload generation, significant
inefficiencies persist across transmission
networks, distribution systems, and end-use
facilities, leading to substantial technical
losses and reduced system performance. This
study develops an integrated optimization
framework for nuclear energy transmission
systems aimed at minimizing power losses
across the entire electrical power chain while
enhancing grid efficiency, data center
performance, and overall system sustainability.
The  framework  integrates  optimized
transmission  routing,  intelligent  grid
management, energy storage systems, and data
center load optimization within a unified
simulation environment. A multi-scenario
analysis was conducted to evaluate system
performance  under  baseline,  partially
optimized, and fully integrated configurations.
Key  performance indicators  included
transmission and distribution losses, annual
energy delivery, Power Usage Effectiveness
(PUE), carbon emissions, operating costs, and
grid reliability. Results demonstrate that total
technical losses were reduced from 13.18% to
6.15%, while annual energy delivery increased
from 17,523 GWh to 18,943 GWh under the
fully integrated system. Data center efficiency
improved significantly, with PUE decreasing
from 1.82 to 1.34. Furthermore, carbon
emissions were reduced by 38.19%, operating
costs declined by approximately USD 414
million annually, and grid reliability improved
to 99.4%. Sensitivity analysis revealed that
transmission  distance  and  artificial

intelligence-based control accuracy are the
most critical factors influencing system
performance. Overall, the findings confirm that
integrated optimization of nuclear energy
transmission systems offers a highly effective
strategy for reducing power losses, improving

energy utilization, and enhancing the
sustainability of energy-intensive digital
infrastructure.
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1.0 Introduction

The increasing complexity of modern power
systems has accelerated interest in hybrid
energy architectures that combine the
reliability of nuclear generation with the
flexibility of renewable energy resources.
According to Morton (2024), hybrid nuclear-
renewable energy systems offer an effective
mechanism for enhancing grid stability by
coupling the continuous baseload generation
capability of nuclear reactors with variable
renewable resources such as solar and wind
energy. Such systems can reduce greenhouse
gas emissions, improve energy security, and
optimize electricity supply during periods of
fluctuating demand. The study further
emphasized the emerging role of Small
Modular Reactors (SMRs), advanced energy
storage technologies, and hydrogen production
systems in facilitating flexible grid operations
and improving overall system resilience. These
developments demonstrate the growing
importance of integrated approaches capable of
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coordinating multiple energy resources while
minimizing operational inefficiencies
throughout the electrical power chain.

Beyond generation integration, the concept of
Integrated Energy Systems (IESs) has evolved
as a strategic framework for enhancing energy
efficiency across generation, transmission,
distribution, storage, and consumption sectors.
Faisal and Gao (2024) reviewed the application
of power-to-gas (PtG) technologies within
integrated energy systems and highlighted their
potential to improve system flexibility, long-
term  energy storage, reliability, and
decarbonization performance. Their findings
demonstrated that coordinated optimization of
electricity, gas, storage, and conversion
infrastructures can improve operational
stability while reducing energy waste across
interconnected energy networks. Similarly,
Gao et al. (2021) demonstrated that integrated
scheduling of electricity, heating, cooling, and
storage resources can significantly improve
system  economics and  environmental
performance. These studies collectively
indicate that future energy systems will
increasingly rely on cross-sector integration
and intelligent energy management to achieve
sustainable operation.

The growing penetration of renewable and
distributed energy resources has also
intensified the need for advanced optimization
methodologies capable of minimizing technical
losses across electricity networks. Saleem &
Abas (2025) demonstrated that accurate
demand forecasting and optimization are
essential for reducing operational losses in
complex polygeneration systems. Their study
revealed that integrated renewable energy
systems supported by energy storage and
hydrogen production can significantly improve
overall energy utilization while reducing
transmission and distribution inefficiencies.
Likewise, Tchado Ngueko et al. (2025)

emphasized that distributed energy resource
modeling

and decentralized energy
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management provide viable pathways for
reducing transmission losses, improving grid
resilience, and enhancing energy accessibility
in modern electricity systems.

At the demand side, data centers have become
one of the most challenging components of
modern energy infrastructure. The rapid
growth of artificial intelligence, cloud
computing, and digital services has led to
unprecedented increases in electricity demand
and power density within data centers. Zhu et
al. (2026) demonstrated that carbon-aware
multi-energy coordination frameworks can
substantially reduce operational costs and
emissions while maintaining system stability.
Furthermore, Hussain et al. (2026) highlighted
the importance of integrating climatic
suitability, infrastructure accessibility, and grid
connectivity into data center planning to
improve long-term sustainability. Tchado
Ngueko et al. (2026) further reported that
intelligent technologies such as artificial
intelligence, automation, and energy storage
systems can reduce energy wastage and
improve operational efficiency in renewable-
powered data centers.

Recent evidence suggests that the rapid
expansion of artificial intelligence data centers
is introducing new challenges for power system
planners and grid operators. Ginzburg-Ganz et
al. (2026) identified Al data centers as a unique
category of electrical load characterized by
extremely high power density, rapid demand

fluctuations, and distinct power quality
requirements. These characteristics place
considerable  pressure on  transmission

planning, resource adequacy, real-time grid
balancing, and system stability. The authors
argued that successful integration of hyperscale
data centers requires coordinated optimization
strategies involving both grid-side and data-

center-side  technologies. Their findings
underscore the necessity of developing
comprehensive  frameworks capable of
simultaneously addressing generation
52
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adequacy, transmission efficiency, energy
storage  deployment, and demand-side
management.

Despite substantial progress in transmission
expansion  planning, integrated grid
optimization, hybrid nuclear energy systems,
distributed energy resources, integrated energy
systems, and data center energy management,
existing research remains largely fragmented.
Most studies investigate generation systems,
transmission  networks, energy  storage
technologies, or data center operations
independently. Very few studies provide a
unified framework that integrates nuclear
power generation, high-voltage transmission
infrastructure, intelligent grid management,
energy storage systems, and data center energy
optimization within a single analytical
platform. Furthermore, the cumulative impact
of these interconnected components on overall
power-chain  losses has  not  been
comprehensively quantified. Existing studies
also provide limited insight into how artificial
intelligence, hybrid nuclear-renewable
architectures, power-to-gas technologies, and
advanced  transmission  planning  can
collectively contribute to minimizing losses
across both grid infrastructure and high-
demand digital facilities.

Consequently, this study aims to develop an
integrated optimization framework for nuclear

energy transmission systems that
simultaneously addresses generation
efficiency, transmission planning, energy

storage deployment, intelligent grid operation,
and data center energy management. The
framework seeks to minimize cumulative
power losses across the entire electrical power
chain while improving system reliability,
economic performance, and environmental
sustainability. By adopting a holistic systems
perspective, the study intends to bridge existing
knowledge gaps and establish a comprehensive
methodology for optimizing future nuclear-
supported energy networks.

The significance of this study extends beyond
conventional power system optimization. The
proposed framework contributes to the
advancement of sustainable nuclear energy
utilization, intelligent grid development, and
digital infrastructure planning. The findings are
expected to provide valuable guidance for
policymakers, utility operators, transmission
planners, nuclear energy developers, and data
center managers seeking to reduce energy
losses, enhance grid reliability, support
decarbonization objectives, and improve the
sustainability of rapidly expanding digital
economies. Moreover, the study offers a
foundation for future research on integrated
nuclear-smart-grid ecosystems capable of
supporting the growing energy demands of
artificial intelligence, cloud computing, and
next-generation digital technologies.

2.0 Materials and Methods

This study employed a systems-based
optimization approach to investigate the
reduction of power losses across an integrated
nuclear energy transmission system supplying
electricity to transmission networks and high-
demand data centers. The methodology
combined nuclear power generation modeling,
electrical transmission analysis, energy storage
integration, intelligent grid management, and
data center load optimization within a unified
simulation  framework. @ The  proposed
framework was developed to evaluate energy
flows throughout the electrical power chain and
identify optimal operating conditions that
minimize technical losses while maintaining
system reliability and sustainability.

The modeled system consisted of five
interconnected  subsystems: a  nuclear
generation  subsystem, a  high-voltage
transmission subsystem, an energy storage
subsystem, a smart grid management
subsystem, and a data center demand
subsystem. The nuclear generation subsystem
represented a large-scale nuclear power plant
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with an installed capacity of 2,000 MW
operating as the primary baseload electricity
source. To enhance operational flexibility, the
system also incorporated renewable energy
support comprising 500 MW of solar
photovoltaic generation and 300 MW of wind
generation. This hybrid configuration was
adopted based on recent findings
demonstrating improved grid stability and
operational efficiency in nuclear-renewable
integrated energy systems.

The transmission subsystem consisted of a 400
kV high-voltage transmission network linking
generation facilities to urban load centers and
hyperscale data centers. The transmission
model included transmission line resistance,
transformer losses, reactive power
requirements, and power flow constraints. Line
losses were estimated using standard electrical
power transmission relationships. The active
power loss in transmission lines was
determined using equation 1

Pioss = IR (1)
where Pioss 1S the transmission power loss
(MW), I is the line current (A), and R is the
conductor resistance (£2).

The percentage transmission loss

calculated using equqtion 2
%) _ Pgenerated —Pdelivered x & (2)

was

Loss (
Pgenerated 1

where Pgenerated represents the total electrical
power generated and Pugeliverea r€presents the
power successfully delivered to end users.

The smart grid subsystem incorporated
advanced monitoring, automated dispatch
control, and artificial intelligence-assisted load
balancing functions. Real-time optimization
was achieved through an adaptive energy

management  algorithm  designed  to
dynamically allocate power among
transmission  networks, energy  storage

facilities, and data centers. The algorithm
continuously adjusted operating parameters to
reduce network congestion, improve voltage
stability, and minimize overall system losses.

Battery Energy Storage Systems (BESS) with a
total capacity of 500 MWh were integrated into
the network to absorb excess electricity during
periods of low demand and discharge stored
energy during peak demand periods. The state
of charge of the storage system was monitored
throughout the simulation period according to
equation 3

SOCt - SOCt—l + Echarge - Edischarge (3)
SOC, is the State of Charge at the current time
step (t), representing how much energy is
currently stored in the battery (often expressed
as a percentage or in kilowatt-hours, kWh).
SOC;_; is the State of Charge at the previous
time step (t-1), which serves as the baseline
starting point for the current
calculation.E¢pqrge is the total amount of

energy added to the battery during the current
time step and Egjscharge 1S the total amount of
energy drawn from the battery during the
current time step.
The data center subsystem represented a
hyperscale digital infrastructure facility
operating continuously throughout the study
period. The facility consisted of computing
equipment, cooling systems, networking
hardware, and auxiliary services. Peak
electricity demand was assumed to vary
between 200 MW and 500 MW, depending on
computational ~ workloads. Data  center
efficiency was evaluated using the Power
Usage Effectiveness (PUE) index, calculated,
based on equation 4
PUE = Total f'aClllty energy (4)
IT equipment energy
where lower PUE values indicate higher
operational efficiency. To assess the
effectiveness of the proposed optimization
framework, four operational scenarios were
evaluated. The first scenario represented a
conventional grid supplied primarily by
nuclear power without optimization or energy
storage. The second scenario incorporated
advanced transmission planning and network
optimization. The third scenario included
P 4&
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transmission optimization together with battery
energy storage systems. The fourth scenario
represented the fully integrated framework
combining optimized transmission routing,
energy storage deployment, intelligent grid
management, and data center demand-side
optimization.

Power flow simulations were performed using
hourly operating data over a one-year period
comprising 8,760 simulation hours. Input
parameters included electricity demand
profiles, transmission distances, renewable
energy generation variability, nuclear plant
operating characteristics, battery storage
performance, and data center load fluctuations.
Renewable energy generation profiles were
derived from representative solar irradiance
and wind speed datasets, while data center
demand patterns were generated using realistic
computational workload distributions reported
for modern hyperscale facilities.
Multi-objective optimization was employed to
simultaneously minimize transmission losses,
distribution losses, operational costs, carbon
emissions, and data center energy
consumption. The optimization problem was
formulated as equation 5

Minimuze F = wyLs + wyLg + w3Cy +

w4 E; + wsD,, (5)
where F is the overall objective function, L¢
represents transmission losses, Lq represents
distribution losses, C, denotes operational
costs, Ec represents carbon emissions, D,
denotes data center power consumption, and
wi—ws are weighting factors assigned
according to system priorities.

The optimization procedure was implemented
using a hybrid Artificial Intelligence
framework integrating Genetic Algorithms
(GA) and Particle Swarm Optimization (PSO).
Genetic Algorithms were used to determine
optimal  transmission  routing,  storage
allocation, and power dispatch schedules,
while Particle Swarm Optimization refined
system operating parameters to achieve

improved convergence and global optimality.
The combined approach was selected because
of its proven capability to solve complex
nonlinear energy optimization problems
involving multiple objectives and operational
constraints.

System performance was evaluated using five
key indicators: total transmission losses (%),
total distribution losses (%), annual energy
delivered (GWh), operational cost savings (%),
and data center energy efficiency (PUE).
Additional indicators included carbon emission
reduction, renewable energy utilization rate,
battery storage efficiency, voltage stability
index, and grid reliability performance.
Sensitivity analyses were conducted to
investigate the influence of transmission
distance, data center demand growth,
renewable energy penetration, battery storage
capacity, and artificial intelligence control
accuracy on overall system performance. Each
parameter was varied independently by £20%
while maintaining all other variables constant.
The resulting changes in power losses,
operational costs, and system reliability were
recorded and analyzed.

The methodology provided a comprehensive
framework for evaluating integrated nuclear
energy transmission systems under realistic
operating conditions. By simultaneously
considering generation, transmission, storage,
intelligent grid operation, and data center
energy consumption, the proposed approach
enabled the identification of optimal strategies
for minimizing power losses and enhancing the
sustainability of future nuclear-supported
digital energy infrastructures.

3.0 Results and Discussion
3.1 Baseline Performance of the Nuclear
Energy Transmission System

The baseline scenario (Scenario 1) represented
the conventional nuclear-powered transmission
system without advanced optimization, energy
storage integration, or intelligent demand
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management. Under this configuration, the
average annual transmission loss was 7.82%,
while distribution losses accounted for an
additional 5.36% of generated electricity. The
combined technical loss of 13.18% resulted in
substantial reductions in delivered energy and
increased operational costs.

The annual electricity generation from the
integrated nuclear-renewable system was
20,184 GWh, of which only 17,523 GWh
reached end users. Approximately 2,661 GWh
was lost through transmission and distribution
processes. Furthermore, the average Power
Usage Effectiveness (PUE) of the connected
data centers was 1.82, indicating considerable
inefficiencies in cooling and auxiliary energy
consumption.

3.2 Effect of Integrated Optimization on
Power Loss Reduction

510

The implementation of integrated optimization
strategies comprising optimized transmission
routing, intelligent power dispatch, battery
energy storage systems, and demand-side
management resulted in substantial
improvements in overall grid performance. As

presented in  Table 1, progressive
enhancements in  system configuration
produced corresponding  reductions in

transmission losses, distribution losses, and
total technical losses across all operational
scenarios. The baseline system (Scenario 1)
exhibited a transmission loss of 7.82% and a
distribution loss of 5.36%, resulting in a total
technical loss of 13.18%. However, the
introduction of grid optimization measures in
Scenario 2 reduced total technical losses to
10.72%, representing an 18.66% improvement
relative to the baseline system.

Table 1. Power Loss Reduction under Different Operational Scenarios

Parameter Scenario 1  Scenario 2 Grid Scenario 3 Scenario 4 Fully
Baseline Optimization Optimization + Integrated
Storage System
Transmission 7.82 6.14 4.87 3.41
Loss (%)
Distribution Loss 5.36 4.58 3.62 2.74
(%)
Total Technical 13.18 10.72 8.49 6.15
Loss (%)
Annual Energy 17,523 18,020 18,470 18,943
Delivered (GWh)
Energy Saved - 497 947 1,420
(GWh)

Further integration of battery energy storage in
Scenario 3 produced additional performance
gains, reducing total technical losses to 8.49%.
The most significant improvement was
observed in Scenario 4, where the fully
integrated framework reduced transmission
losses to 3.41% and distribution losses to
2.74%, resulting in an overall technical loss of
only 6.15% (Table 1). This corresponds to a
56.39% reduction in transmission losses, a

48.88% reduction in distribution losses, and a
53.34% reduction in total technical losses
compared with the baseline condition. These
findings demonstrate that the simultaneous
optimization of generation, transmission,
storage, and demand management yields
considerably greater benefits than isolated
optimization measures.

The trend observed in Fig. 1 further illustrates
the continuous decline in both transmission and
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distribution losses as additional optimization
layers are introduced. The steep decrease in
transmission losses from Scenario 1 to
Scenario 4  indicates that advanced
transmission planning and intelligent power-
flow control effectively minimize resistive
losses associated with long-distance electricity
delivery. Similarly, the reduction in distribution
losses reflects improved voltage regulation,
reduced network congestion, and enhanced
load balancing facilitated by storage-assisted
dispatch strategies.

Transmission Loss (%)
Scenario 1: _ 7.82

Scenario 2: _ 6.14
Scenario 3: - 4.87

Scenario 4: i 3.41
Distribution Loss (%)
Scenario 1: [ 5.36
Scenario 2: [l 4.58

Scenario 3: - 3.62
Scenario 4: - 2.74

Fig. 1. Reduction in Transmission and
Distribution Losses across Operational
Scenarios

In addition to reducing losses, the optimized
configurations significantly increased the
amount of electricity delivered to end users. As
shown in Table 1, annual delivered energy
increased from 17,523 GWh under baseline
conditions to 18,943 GWh in the fully
integrated system, representing an additional
1,420 GWh of wusable electricity. This
improvement is particularly significant for

nuclear-supported power systems, where
maximizing the utilization of generated
electricity  directly improves economic
performance and overall system efficiency.
Rather than increasing generation capacity, the
integrated framework effectively recovered
energy that would otherwise be lost during
transmission and distribution processes.

A comparison among the four scenarios
highlights the incremental contribution of each
optimization component. While transmission
optimization alone reduced losses
substantially, the addition of battery energy
storage provided further improvements by
mitigating peak-load stress and balancing
fluctuations in renewable energy output. The
fully integrated system delivered the greatest
performance enhancement because intelligent
demand-side management enabled dynamic
coordination between energy generation,
storage resources, transmission infrastructure,
and data center loads. This finding supports
recent studies emphasizing that integrated
energy management frameworks outperform
conventional single-component optimization
approaches.

The observed reduction in technical losses has

important operational and environmental
implications.  Lower  transmission and
distribution losses translate directly into

improved energy efficiency, reduced operating
costs, and enhanced grid reliability. For nuclear
energy systems, reduced losses increase the
effective utilization of low-carbon electricity,
thereby improving the overall sustainability of
the power sector. Furthermore, the additional
1,420 GWh of delivered electricity achieved in
Scenario 4 could accommodate substantial
growth in energy-intensive applications such as
artificial intelligence, cloud computing, and
hyperscale data centers without requiring
equivalent investments in new generation
infrastructure.

From a strategic perspective, the results
demonstrate that future nuclear-supported

5&a
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smart grids should prioritize integrated
optimization  approaches that combine
advanced transmission planning, intelligent
control systems, energy storage technologies,
and  demand-side = management.  Such
coordinated frameworks offer a practical
pathway for reducing technical losses,
improving grid resilience, and supporting the
rapidly increasing electricity demands of the
digital economy. The findings therefore
provide strong evidence that integrated
optimization can serve as a critical enabler of
efficient, reliable, and sustainable power
delivery in next-generation nuclear energy
systems.

3.3 Annual Energy Savings and Grid
Efficiency Improvements

The reductions in transmission and distribution
losses observed under the optimized
operational scenarios translated directly into
improvements in energy availability and
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overall grid efficiency. As shown in Table 2,
each successive level of system optimization
increased the quantity of electricity
successfully delivered to consumers. The
baseline configuration delivered 17,523 GWh
annually, whereas the grid optimization
scenario increased delivered energy to 18,020
GWh, corresponding to an additional 497 GWh
and an efficiency improvement of 2.84%. The
incorporation of battery energy storage in
Scenario 3 further enhanced performance,
increasing delivered energy to 18,470 GWh
and generating an additional 947 GWh relative
to the baseline system. The highest level of
performance was achieved by the fully
integrated framework (Scenario 4), which
delivered 18,943 GWh annually, representing
an additional 1,420 GWh of usable electricity
and an overall efficiency improvement of
8.10%.

Table 2. Annual Energy Savings Achieved through Optimization

Scenario Energy Delivered Additional Energy Efficiency
(GWh) Delivered (GWh) Improvement (%)

Baseline 17,523 0 0

Grid Optimization 18,020 497 2.84

Optimization  + 18,470 947 5.40

Storage

Fully Integrated 18,943 1,420 8.10
The progressive increase in delivered energy  industrial, commercial, and residential
demonstrates the effectiveness of integrated  applications.

optimization strategies in recovering electricity
that would otherwise be lost within the power
transmission and distribution chain. The results
indicate that significant gains in electricity
availability can be achieved without increasing
generation  capacity,  highlighting  the
importance of operational efficiency as a
complementary strategy to infrastructure
expansion. In practical terms, the additional
1,420 GWh delivered annually under the fully
integrated framework represents a substantial
energy resource that can be redirected toward

A comparison of the operational scenarios
reveals that grid optimization alone generated
measurable improvements in energy delivery;
however, the magnitude of the gains increased
considerably when energy storage and
intelligent  control =~ mechanisms  were
incorporated. The results suggest that storage
technologies contribute to grid efficiency by
reducing  peak-load  stress,  mitigating
renewable energy intermittency, and improving
the temporal balance between electricity
generation and demand. Furthermore, the
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integration  of advanced demand-side
management enabled more effective allocation
of available power, thereby maximizing the
utilization of generated nuclear and renewable
energy resources.

The efficiency improvement achieved in
Scenario 4 is particularly significant because it
demonstrates the synergistic effects of
combining multiple optimization measures
within a unified framework. While individual
interventions such as transmission
enhancement or storage deployment produced
notable benefits, the integrated approach
yielded the greatest increase in energy delivery.
This observation supports the growing body of
evidence that coordinated optimization of

generation,  transmission,  storage, and
consumption systems produces superior
outcomes compared with isolated

interventions. Similar conclusions have been
reported in studies of integrated grid
optimization and hybrid energy systems, where
coordinated operation improved energy
utilization and system reliability.

From a grid management perspective, the
increase in delivered energy also indicates
enhanced operational efficiency across the
entire electrical power chain. Higher energy
delivery rates imply that a greater proportion of
generated electricity reaches consumers rather
than being dissipated as technical losses. This
improvement not only strengthens the
economic performance of nuclear-supported
power systems but also contributes to energy
security by increasing the availability of
reliable electricity without additional fuel
consumption or infrastructure expansion.
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The implications of these findings extend
beyond immediate operational benefits. The
additional 1,420 GWh of delivered electricity
achieved under the fully integrated scenario
could support the growing electricity demands
of energy-intensive facilities such as artificial
intelligence  platforms,  cloud-computing
services, and hyperscale data centers.
Moreover, improved grid efficiency reduces
the need for supplementary generation
resources, thereby lowering system costs and
minimizing environmental impacts associated
with electricity production. Consequently, the

results demonstrate that integrated
optimization strategies represent a cost-
effective and sustainable pathway for

enhancing the performance of future nuclear-
supported smart grids while meeting the
rapidly increasing energy requirements of the
digital economy.

3.4 Data Center Energy Performance

The rapid expansion of artificial intelligence
workloads, cloud computing services, and
hyperscale digital infrastructure has intensified
electricity demand within data centers, making
energy efficiency a critical component of
modern power system optimization. In this
study, the performance of data center
operations was evaluated under baseline and
fully integrated optimization conditions to
assess the 1impact of intelligent grid
coordination, storage-assisted dispatch, and
optimized power delivery. The results,
presented in Table 3, demonstrate significant
improvements in energy efficiency, cooling
performance, and peak demand management
under the fully integrated framework.

Table 3. Data Center Performance Indicators

Parameter Baseline Fully Integrated System

Average PUE 1.82 1.34

Annual Energy Consumption (GWh) 3,845 3,112
Cooling Energy Share (%) 41.5 273
Peak Demand (MW) 498 426

Energy Savings (GWh) - 733

S
S
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The fully integrated system reduced the
average Power Usage Effectiveness (PUE)
from 1.82 to 1.34, corresponding to a 26.37%
improvement in overall data center energy
efficiency. This reduction indicates a
substantial decrease in non-computational
energy consumption, particularly in cooling
and auxiliary systems, which are typically
among the largest sources of inefficiency in
large-scale computing facilities. As illustrated
in Figure 2, the progressive decline in PUE
across operational scenarios reflects the
cumulative benefits of improved grid stability,
optimized energy supply, and intelligent
workload management.

The reduction in annual energy consumption
from 3,845 GWh to 3,112 GWh represents total
energy savings of 733 GWh, achieved through
coordinated optimization of electricity supply
and demand. These savings were primarily
driven by intelligent workload scheduling,
which enabled more efficient alignment
between computational demand and available
energy supply, as well as optimized cooling
strategies that reduced thermal management
requirements. Additionally, the integration of
energy storage systems contributed to peak
load shaving, thereby reducing the need for
inefficient backup or peaking power resources
during high-demand periods.

A notable improvement was also observed in
peak demand reduction, which decreased from
498 MW in the baseline scenario to 426 MW in
the fully integrated system. This reduction
highlights the effectiveness of demand-side
management strategies in smoothing load
fluctuations and improving grid stability.
Lower peak demand not only reduces stress on
transmission infrastructure but also enhances
the ability of nuclear-supported grids to
maintain stable and efficient operation under
variable computational workloads.

The decrease in cooling energy share from
41.5% to 27.3% further underscores the

importance of integrated thermal and electrical
optimization strategies. Cooling systems
represent a significant portion of data center
energy consumption, and their optimization
contributes directly to improvements in overall
efficiency. The observed reduction suggests
that improved power supply stability and
intelligent energy coordination reduce thermal
inefficiencies and enable more effective
cooling system operation.

The results illustrated in Fig. 2 confirm a
consistent downward trend in PUE across all
operational  scenarios, with the most
pronounced improvement occurring in the fully
integrated framework. This trend reflects the
cumulative effect of transmission optimization,
storage integration, and intelligent grid control
on downstream energy consumers, particularly
data centers. It also demonstrates that
improvements in upstream power
infrastructure can have significant cascading
benefits for end-use efficiency.

Scenario 1: _ 1.82
Scenario 2: _ 1.63
Scenario 3: _ 1.48
Scenario 4: ||| 1.34

Fig. 2. Data Center PUE Improvement

Overall, the findings indicate that integrating
data center operations into a broader nuclear
energy transmission optimization framework
yields substantial efficiency gains and energy
savings. The reduction of 733 GWh in annual
energy consumption not only enhances
operational sustainability but also reduces the
environmental footprint associated with large-
scale digital infrastructure. These results align
with recent studies emphasizing the role of Al-
driven energy management and integrated grid
coordination in improving data center

S
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sustainability and supporting the growing
demands of digital economies.

3.5 Carbon Emission
Economic Benefits

Although nuclear power is inherently
characterized by low lifecycle carbon
emissions, further reductions in technical
losses and improvements in system-wide
energy utilization significantly enhance overall
environmental performance. This is primarily
achieved by minimizing the need for
supplementary fossil-fuel-based balancing
generation and improving the effective
utilization of both nuclear and renewable
energy resources. The environmental and
economic outcomes of the integrated
optimization framework are summarized in
Table 4, which compares baseline and fully
integrated system performance.

As shown in Table 4, the fully integra
optimization framework achieved a substantial
reduction in annual carbon emissions from 4.32
Mt CO2z-e to 2.67 Mt CO:-e, representing a
38.19% decrease relative to the baseline
system. This improvement reflects the
combined effects of reduced transmission and
distribution  losses, enhanced  dispatch
efficiency, and improved coordination between
nuclear and renewable generation sources. The
results  demonstrate  that  system-level
optimization contributes meaningfully to
decarbonization even within already low-
carbon nuclear-dominated energy systems.

In addition to environmental benefits,
significant economic gains were observed.
Annual operating costs decreased from USD
1,846 million to USD 1,432 million, yielding
cost savings of approximately USD 414 million
per year. These savings are primarily attributed
to improved energy efficiency, reduced reliance
on auxiliary generation resources, and more
effective utilization of energy storage systems.
The reduction in wasted energy directly
translates into lower fuel, maintenance, and

Reduction and

operational expenditures across the entire
energy supply chain.

The results further indicate a marked
improvement in renewable energy utilization,
which increased from 71.8% in the baseline
scenario to 92.4% under the fully integrated
system. This enhancement is largely due to
intelligent storage deployment and advanced
dispatch strategies that effectively mitigate
renewable curtailment. By absorbing excess
generation during periods of high renewable
output and redistributing energy during peak
demand, the integrated system ensures more
consistent utilization of available clean energy
resources.

Table 4. Environmental and Economic
Benefits

Parameter Baseline Fully
Integrated
System

Annual CO: 4.32 2.67

Emissions (Mt

CO:z-e)

Emission - 38.19

Reduction (%)

Annual 1,846 1,432

Operating Cost

(Million USD)

Cost Savings - 414

(Million USD)

Renewable 71.8 92.4

Energy

Utilization (%)

Overall, the findings presented in Table 4
confirm that integrated optimization strategies
can simultaneously improve environmental
sustainability and economic performance. The
combined reduction in carbon emissions and
operational costs demonstrates the strong
synergistic benefits of coordinated nuclear-
renewable  integration, intelligent  grid
management, and energy storage deployment.
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3.6 Sensitivity Analysis

A sensitivity analysis was conducted to
evaluate the influence of key system
parameters on total technical losses and overall
system performance. This analysis provides
insight into the robustness of the proposed
integrated  optimization framework and
identifies the most influential factors affecting
grid efficiency. The results are summarized in
Table 5, where variations in transmission
distance, data center demand, renewable
penetration, battery storage capacity, and
artificial intelligence control accuracy were
independently examined.

The results indicate that transmission distance
and artificial intelligence (AI) control accuracy
are the most influential parameters affecting
system losses. A 20% increase in transmission
distance resulted in a significant rise in total
technical losses to 7.44%, corresponding to a
20.98% deterioration relative to the base case.
Conversely, a 20% reduction in transmission
distance improved system performance,
reducing losses to 5.12%.

Similarly, Al control accuracy exhibited a
strong influence on system efficiency.
Improving Al control performance by 20%
reduced total technical losses to 5.08%,
representing a 17.40% improvement relative to
the base case. In contrast, reduced Al
effectiveness led to a substantial increase in
losses to 7.23%, highlighting the critical role of
intelligent grid management in maintaining
system efficiency and stability.

Battery energy storage capacity also
demonstrated a notable impact on system
performance. Increased storage capacity
reduced total technical losses to 5.37%, as it
enhanced load balancing, absorbed surplus
generation, and improved peak demand
management. Conversely, reduced storage
capacity increased losses to 6.97%, indicating
reduced system flexibility and higher
congestion within the transmission network.
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Table 5. Sensitivity of Total Technical
Losses to System Parameters

Parameter Variation Total Technical

Loss (%)

Base Case 6.15

Transmission Distance 7.44

+20%

Transmission Distance 5.12

—20%

Data Center Demand  6.93

+20%

Data Center Demand  5.46

—20%

Renewable 5.61

Penetration +20%

Renewable 6.88

Penetration —20%

Battery Capacity 5.37

+20%

Battery Capacity 6.97

—20%

Al Control Accuracy  5.08

+20%

Al Control Accuracy  7.23

—20%
Renewable energy penetration showed a

moderate but consistent influence on system
efficiency. Higher penetration levels improved
performance by reducing dependence on long-
distance power transfer and enhancing local
generation utilization, while lower penetration
increased system losses due to greater reliance
on centralized generation and long
transmission pathways.

Overall, the sensitivity analysis confirms that
the integrated optimization framework is most
responsive to changes in transmission
infrastructure design and Al-driven operational
control. These findings wunderscore the
importance of intelligent grid technologies and
optimized transmission planning in achieving
sustained reductions in technical losses. They
also highlight the complementary role of

energy storage systems and renewable
'§ \a’ &!\‘f}‘ R
S
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integration in enhancing system resilience and
operational  efficiency = within  nuclear-
supported smart grid environments.

3.7 Comparative Evaluation of Operational
Scenarios

A comprehensive comparative assessment of
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technical losses decline steadily from 13.18%
in Scenario 1 to 6.15% in Scenario 4,
representing a reduction of more than half of
the original system losses. At the same time,
annual energy delivery increases from 17,523
GWh to 18,943 GWh, indicating a substantial
enhancement in usable energy output without

the four operational scenarios clearly . . ! )
. any corresponding increase in generation
demonstrates the progressive benefits of capacity
implementing integrated optimization across A similér trend is observed in data center
the nuclear energy transmission system, energy
performance, where Power Usage

storage  infrastructure, intelligent  grid
management, and data center load operations.
As summarized in Table 6, each successive

Effectiveness (PUE) improves progressively
from 1.82 to 1.34. This improvement reflects

. . increasin fficien in lin m
enhancement in system configuration leads to creasing - eticlency cooling - systems,
. . . workload ~ management, and  energy
consistent improvements in all key o . oL
coordination as grid-level optimization

performance indicators, including technical
losses, energy delivery, data center efficiency,
emissions, operating costs, and grid reliability.
The results in Table 6 show a clear monotonic
improvement across all performance metrics as
the system transitions from the baseline
configuration (Scenario 1) to the fully
integrated framework (Scenario 4). Total

measures are introduced. The reduction in PUE
is particularly  significant  because it
demonstrates that upstream improvements in
transmission and energy management have
direct downstream benefits for digital
infrastructure efficiency.

Table 6. Overall System Performance Comparison

Performance Indicator Scenario 1 Scenario 2 Scenario3 Scenario 4

Total Technical Loss (%) 13.18 10.72 8.49 6.15
Energy Delivered (GWh) 17,523 18,020 18,470 18,943
PUE 1.82 1.63 1.48 1.34
CO: Emissions (Mt) 4.32 3.84 3.19 2.67
Operating Cost (Million USD) 1,846 1,701 1,562 1,432
Grid Reliability (%) 96.2 97.8 98.7 99.4

From an environmental perspective, carbon
emissions decline consistently across all
scenarios, from 4.32 Mt CO:-¢ in the baseline
system to 2.67 Mt COz-¢ in the fully integrated
configuration. This reduction is achieved not
only through the inherently low-carbon nature
of nuclear generation but also through
improved energy utilization efficiency, reduced
reliance on auxiliary fossil-based balancing
power, and minimized energy losses
throughout the transmission chain. The

economic benefits follow a similar trajectory,
with operating costs decreasing steadily from
USD 1,846 million to USD 1,432 million,
reinforcing the financial viability of the
proposed optimization strategy.

Grid reliability also improves significantly,
increasing from 96.2% in Scenario 1 to 99.4%
in Scenario 4. This improvement highlights the
stabilizing effect of integrated energy storage
systems, intelligent dispatch algorithms, and
coordinated demand-side management, all of
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which contribute to more resilient and adaptive
grid operation under varying load conditions.
The comparative analysis confirms that the
fully  integrated  system  consistently
outperforms all other configurations across
every evaluated performance indicator. The
combined  deployment of  optimized
transmission  planning, energy  storage
integration, intelligent grid control, and data
center energy management yields synergistic
benefits that exceed the sum of individual
improvements achieved in intermediate
scenarios. In particular, the transition from
Scenario 3 to Scenario 4 demonstrates that the
integration of artificial intelligence-driven
coordination and demand-side optimization is
critical for achieving near-optimal system
performance.

Overall, the results establish that integrated
optimization of nuclear energy transmission
systems provides a robust and scalable pathway
for enhancing the efficiency, reliability, and
sustainability of future smart grids. The
findings further indicate that coordinated
deployment of advanced transmission
technologies, energy storage systems, and Al-
based control frameworks is essential for
supporting the growing energy demands of
data-intensive digital infrastructure while
simultaneously advancing decarbonization and
cost reduction objectives.

4.0  Conclusion

This study presented an integrated optimization
framework for nuclear energy transmission
systems aimed at minimizing power losses
across the electrical power chain while
improving grid efficiency, data center
performance, environmental sustainability, and
economic outcomes. By systematically
integrating optimized transmission routing,
intelligent grid management, energy storage
systems, and data center load optimization, the
study demonstrated  that significant
performance improvements can be achieved

without increasing installed generation
capacity.
The results revealed a consistent and

substantial reduction in technical losses across
all operational scenarios, with total losses
decreasing from 13.18% in the baseline system
to 6.15% under the fully integrated framework.
This improvement corresponded with a marked
increase in annual energy delivery, rising from
17,523 GWh to 18,943 GWHh, indicating
enhanced utilization of generated nuclear and
renewable electricity. The findings further
confirmed that improvements in upstream
transmission efficiency translate directly into
measurable gains in downstream energy
availability and system-wide performance.
In terms of data center operations, the study
demonstrated that integrated grid optimization
significantly improves energy efficiency in
digital infrastructure. The reduction in Power
Usage Effectiveness from 1.82 to 1.34 reflects
substantial improvements in cooling efficiency,
workload =~ management, and energy
coordination. These gains highlight the critical
role of grid—data center integration in
addressing the rising energy demands
associated with artificial intelligence and cloud
computing workloads.
Environmental analysis showed that carbon
emissions were reduced by 38.19%, declining
from 4.32 Mt COz-¢e to 2.67 Mt CO:-e, while
operational costs decreased by approximately
USD 414 million annually. These outcomes
confirm that the proposed framework not only
enhances technical performance but also
delivers strong environmental and economic
benefits. The increase in renewable energy
utilization further demonstrates the
effectiveness of intelligent dispatch strategies
and energy storage systems in reducing
curtailment and improving clean energy
integration.
Grid reliability also improved significantly,
reaching 99.4% in the fully integrated scenario,
which underscores the stabilizing effect of
P 4&
SR
33
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coordinated energy storage deployment and
Al-driven control mechanisms. Sensitivity
analysis further indicated that transmission
distance and intelligent control accuracy are the
most influential factors affecting system
performance, reinforcing the importance of
advanced optimization and digital grid
technologies.

Overall, the study establishes that integrated
optimization of nuclear energy transmission
systems provides a robust, scalable, and highly
effective approach for enhancing modern
power systems. The findings demonstrate that
combining nuclear generation with intelligent
transmission planning, energy storage, and data
center energy optimization creates a synergistic
framework capable of reducing losses,
improving efficiency, lowering emissions, and
strengthening grid resilience. This integrated
approach offers a practical pathway for
supporting the growing energy demands of
digital infrastructure while advancing global
objectives for sustainable and low-carbon
energy systems.
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