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ABSTRACT 

Design of underground cloud data centers, with 
a particular focus on the "Underground Cloud" 
project. As data centers continue to serve as 
critical nodes for global digital infrastructure, their 
energy consumption and environmental impact 
raise pressing challenges. Data-driven design, 
incorporating advanced computational tools, 

youts, 

the potential of underground environments, 
which provide natural thermal stability and 
enhanced physical security, to support 

sustainable data center operations. The study 

transition from intuition-based design to data-
driven strategies that leverage real-time data 
inputs . Through case studies of 

ities, the article 
illustrates best practices in applying AI-driven 
simulations and Building Information Modeling 

The findings suggest that data-driven 
methodologies can significantly reduce energy 
consumption, streamline operations, and 
address spatial constraints while maintaining 
architectural integrity. Furthermore, the paper 
presents design recommendations for future 

importance of interdisciplinary collaboration, 
adaptive design strategies, and ethical 
considerations in data usage. The study 
concludes that the intersection of data-driven 
design and underground data center architecture 
represents a promising avenue for addressing 
the growing demands of the digital era while 
promoting sustainability and operational 
resilience. Additionally, the research 
underscores the potential for underground cloud 
infrastructure to contribute to urban energy 

heating, reducing environmental impact, and 
enhancing resource efficiency. The study also 

directions for integrating data-driven methods 
into architectural design, providing a 

  
 

 
Figure 1. Plotting the dynamics publication by year 
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INTRODUCTION 
The digital age has ushered in an unprecedented 
growth in data generation, processing, and 
storage, leading to a significant rise in the 
demand for efficient and sustainable data 

infrastructure, data centers support a wide range 
of activities, from cloud computing and big data 

and real-time communication systems. However, 
the rapid proliferation of data-driven 
technologies presents significant architectural 
challenges, including spatial constraints, energy 
consumption, and environmental impact. 
Traditional above-ground data centers, while 
effective in meeting operational demands, often 
struggle with issues related to land use, energy 
efficiency, and thermal management. As such, 

innovative design strategies that leverage data-
driven methodologies to address these 
challenges while ensuring optimal performance 
and sustainability. 
 

Figure 2. Diagram of connectivity of search words. 
 

This research paper delves into the concept of 
data-driven design in architecture, with a specific 
focus on its application to underground cloud 
data centers. Data-driven design involves the 
systematic collection, analysis, and application 
of data to inform architectural decisions, 

simulations, and AI-driven design algorithms, 
architects can create environments that respond 
dynamically to changing conditions and 
performance requirements. The shift from 
intuition-based design processes to data-
informed methodologies represents a paradigm 

precision, adaptability, and sustainability. 

centers stems from their potential to address 
several critical challenges associated with 
traditional data centers. Underground 
environments offer inherent thermal stability, 
reducing the need for energy-intensive cooling 
systems and enhancing overall energy 
efficiency. Additionally, subterranean data 

-use conflicts, protect 
critical infrastructure from environmental and 
human-made threats, and provide opportunities 
for innovative urban integration through heat 

Despite these advantages, designing and 
constructing underground data centers presents 
unique challenges, including ventilation 
requirements, structural integrity considerations, 
and accessibility issues. 
This study aims to investigate the principles, 
methods, and tools of data-driven design in the 

research focuses on understanding the 
interaction between environmental, 
technological, and architectural factors in 
shaping sustainable and efficient subterranean 
facilities. Through case studies and empirical 

implementations of data-driven design, 
highlighting best practices and identifying 
potential obstacles. The findings are intended to 
offer actionable insights for architects, 
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environmental impact. 
The structure of this paper is divided into four 
main sections. The first section provides a 
theoretical overview of data-driven design 

the role of big data, AI, and advanced simulation 
tools in contemporary architectural practice. The 
second section focuses on data center design, 

considerations, and the specific challenges of 
underground facilities. The third section presents 
methodologies for applying data-driven 
techniq
the importance of environmental, behavioral, 
and operational data inputs. The final section 
discusses empirical findings from case studies, 
evaluates the effectiveness of the proposed 
design strategies, and offers recommendations 
for future research and practice. 

THE DATA-DRIVEN DESIGN IN 

ARCHITECTURE CONCEPT DESING  
The Data-driven design in architectural concept 
design represents a transformative approach 
that integrates empirical data into the 

has been guided by intuition and traditional 
practices , but the advent of big 
data and computational tools has shifted this 
paradigm towards evidence-based 
methodologies.  
 

Figure 3. The designer as magician.[diagram] 
Herbert, 1988 

professional education, highlighting the need for 
systematic, data-informed processes in design. 
The rise of big data, as noted by Qabshoqa, 

, has profoundly 
influenced architectural practices by providing 
insights into spatial relationships, environmental 
conditions, and user behavior. 
Big data plays a critical role in contemporary 
architectural design by facilitating more informed 
decision-

predict spatial pe

cooling system configurations, and energy 
management strategies. For instance, Wong and 

 

streamlines project coordination by consolidating 
diverse data streams into a unified platform. 
 
 
 
 
 
 
 
 
 

Figure 4.  [diagram] 
Herbert, 1988 
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Figure 5. 

 

capabilities of data-

algorithms can simulate environmental 
performance, predict energy consumption, and 

-driven design tools 

alternatives based on predefined criteria, 
ensuring that both functional and aesthetic goals 
ar
tools facilitate the rapid iteration of design 
solutions, reducing the time required for manual 
adjustments and enhancing the precision of 
architectural decisions. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 6. 
areas accessible within 5, 10, and 15 minutes of 

uniquely according to the time of accessibility. 
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consideration in data-driven design, particularly 
in the development of underground data centers. 

environmental benefits of subterranean data 
centers, noting their natural thermal stability and 
reduced land-use footprint. The integration of 
real-time environmental data into design 
processes enables architects to implement 

gy consumption. 
d the potential for 

underground data centers to contribute to urban 
-

generated heat for district heating. 
The transition from traditional to data-driven 
design processes requires a multidisciplinary 
approach that incorporates insights from 
architecture, engineering, computer science, 
and environmental studies. As argued by Moud 

ween these 
disciplines enhances the effectiveness of data-

studies presented in this research illustrate the 
practical applications of these methodologies, 
showcasing projects where data analytics, 
simulation tools, and AI technologies have been 
successfully integrated to achieve optimal 
performance and sustainability. 

DATA CENTERS – ARCHITECTURAL AND 

TECHNOLOGICAL PERSPECTIVES 

Data centers serve as critical infrastructure in the 
digital era, supporting cloud computing, big data 
analytics, and AI-driven applications. The 
architectural and technological aspects of these 
facilities are fundamental to their performance, 
efficiency, and sustainability. The rapid growth of 
data-driven technologies has intensified the 
demand for data centers that are both high-
performing and environmentally responsible. 

evolved from mere storage facilities i
systems requiring sophisticated design 
strategies that balance operational requirements 
with sustainability considerations. 

The role of data centers in modern society is 
multifaceted, encompassing data storage, 
processing, and transmission for various digital 

the importance of designing data centers with 
scalable, adaptable architectures to 
accommodate future technological 

the environmental impact of traditional cooling 
methods and advocate for the adoption of 
energy-efficient systems, such as liquid cooling 
and free cooling technologies. 

into enterprise, colocation, cloud, and edge 
facilities. Each type presents distinct design 
requirements and operational characteristics. 
Enterprise data centers are privately owned and 
operated by single orga
colocation facilities host equipment from multiple 

Cloud data centers support distributed 
computing resources accessed remotely, while 
edge data centers are strategically located near 
end-users to reduce latency and enhance 

 
The environmental challenges associated with 
data center operations have prompted architects 

underground environments for natural thermal 
stability. Underground data centers, as studied 

subterranean temperatures, reducing the need 
for mechanical cooling. However, these facilities 
also face challenges, including ventilation 
constraints and structural integrity concerns. 
Addressing these issues requires a 
multidisciplinary approach, combining 

environmental and data science fields. 
The application of data-driven methodologies in 
data center design has proven effective in 

performance. Building Information Modeling 

facilitates the integration of diverse data streams, 
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Figure 7. Air circulation within the server room 
 

refine design alternatives. Computational Fluid 

design precision by modeling airflow patterns 
and predicting thermal behavior within server 

-
powered tools, including generative design 

 
Case studies illustrate the practical benefits of 
data-driven design in data center architecture. 
The Bahnhof Pionen White Mountain Data 

adaptation of underground infrastructure for 

walls as natural insulators, significantly reducing 
cooling energy requirements. Similarly, the 
Lefdal Mine Datacenter in Norway leverages 
cold seawater from nearby fjords to maintain 

 . 
-

 
The future of data center architecture lies in the 
continued advancement of data-driven design 
principles. As AI algorithms become more 
sophisticated, they will enable predictive 
modeling of energy consumption patterns, 
equipment performance, and environmental 

 

Figure 8. Cooling water sourced from the Daugava 
River, demonstrating the use of local natural 
resources for maintaining optimal data center 
temperatures. [drawing] pils, 2025 

 
Figure 9. Diagram of solar panels on the façade, 
showcasing the integration of renewable energy 

sources to enhance data center sustainability 

suggests that digital twins—virtual 
representations of physical facilities—will 
become standard tools for real-time monitoring 

renewable energy sources, such as solar and 
wind power, into data center designs aligns with 
broader sustainability goals and regulatory 

 

METHODOLOGIES FOR DATA-DRIVEN 

DESIGN 
Data-driven design methodologies represent a 
convergence of architectural theory and digital 

 
Identifying Relevant Data Inputs: Data-driven  
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Figure 10. 
Forma, displaying air temperature distribution and 

thermal comfort indices for the site. 

Figure 11. 
showing airflow patterns and their interaction with the 

building’s geometry to identify natural ventilation 
opportunities. 

primary data categories: environmental, 
behavioral, and operational. Shehabi et al. 

 that environmental data, such 
as temperature, humidity, and airflow patterns, 

data centers 
 Behavioral data, including user interaction 

and occupancy patterns, guide spatial layout and 

Figure 12.  
[diagram] Chaillou, 2022 

Figure 13. 

the building’s surfaces. 

energy efficiency 

distribution and fault detection metrics, enable 

 
AI-Driven Optimization and Simulation in Space 
Design: 
transformed spatial design processes, enabling 

refine layouts through simulations. According to 
-powered generative 

ormance 

application of Computational Fluid Dynamics 

behavior, which is critical in reducing energy 
consumption. Additionally, machine learning 
models 
help architects predict energy use patterns and 
adapt designs accordingly.  
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Case Studies of Data-Driven Architectural 

demonstrates the power of data-driven design by 
employing AI simulations and seawater cooling 

å Data Center 

data centers leverage subterranean 

site-responsive desig  
Integration of Data Inputs for Comprehensive 
Design: Successful data-driven design 
integrates environmental, behavioral, and 

cilitate 
this integration by consolidating data into a 
shared model, enhancing collaboration among 

-

throughout a data c  

THE UNDERGROUND CLOUD DATA 

CENTER 

Criteria for Evaluating Data-Driven Design 
Outcomes: Evaluating the effectiveness of data-

efficiency, energy performance, and 

in 

generative design algorithms to simulate and 
refine spatial configurations, ensuring efficient 
cable management and emergency accessibility. 
Application of Data-Driven Methods in 

-powered simulations and 
digital twin models are integral to the design of 
the Underground Cloud Data Center. Moud et al. 

es airflow and cooling 

thermal stability, reducing reliance on 
mechanical cooling systems. 
Technological Infrastructure and Spatial Design 
Interaction: The integration of technology and 

integrates mechanical, electrical, and 
architectural systems into a unified model, 

adds that generative design tools help balance 
server density with ventilation pathways, 
ensuring thermal stability without sacrificing 
spatial efficiency 
Challenges and Limitations: Despite 
technological advancements, underground data 
centers face notable challenges. Petrova et al. 

HVAC solutions. Additionally, Moud 

restricts future scalability.  

Figure 14. Diagram of room-level air cooling 
[diagram] Huang, 2023 

CONCLUSION 
This article has demonstrated how data-driven 

challenges of underground cloud data center 
architecture. By integrating advanced 
computational tools, such as Building 

-driven 
simulations, and digital twins, architects can 

consumption, and enhance environmental 
sustainability. Analysis of environmental, 
behavioral, and operational data, reveals that 
data-driven design not only enhances 
performance but also promotes adaptive, 
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sustainable architectural solutions. Case studies 

the practical benefits of these methodologies in 
achieving energy efficiency and operational 
resilience. Furthermore, the empirical study of 
the Underground Cloud Data Center highlights 
the effectiveness of applying these 
methodologies in subterranean environments, 
where thermal stability and compact spatial 

challenges, such as ventilation management and 
scalability constraints, the findings confirm that 
data-driven methodologies offer a robust 

design. 

PROPOSALS 
To advance the application of data-driven design 
in underground cloud data center architecture, 
several targeted proposals emerge from this 
research: 
Expand Integration of Digital Twin Technologies: 
Leverage digital twins for continuous real-time 
monitoring, predictive maintenance, and iterative 

operational efficiency and provide valuable 
datasets for future design improvements. 
Develop Advanced AI-Driven Simulation Tools: 
Implement generative design algorithms and AI-

airflow management, and thermal performance. 

refine predictions and improve design 
adaptability. 
Promote Interdisciplinary Collaboration: 
Establish cross-
unite architects, engineers, data scientists, and 

strategies that align technological performance 
with environmental goals. 
Enhance Sustainable Design Practices: 

-efficient strategies, such as 
waste heat reuse for district heating and the use 
of renewable energy sources. Employ predictive 
analytics to monitor and reduce carbon footprints 

throughout the data center lifecycle. 
Advance Research on Subterranean 
Infrastructure: Conduct further studies on 
ventilation, structural integrity, and material 
innovation specific to underground data centers 
to address operational challenges and scalability 
limitations. 
Incorporate Adaptive Design Frameworks: 

adjustments in response to evolving 
technological requirements and increased data 
storage demands. 
Ensure GDPR Compliance and Strengthen Data 
Privacy: Develop design strategies that integrate 
secure data management systems aligned with 

Implement encrypted storage solutions and 
access controls to protect user data, ensuring 
that data privacy and security are 
throughout the design lifecycle. 
Strengthen Ethical and Regulatory Compliance: 
Develop guidelines ensuring data privacy, 
security, and adherence to sustainable 
construction standards, aligning technological 
innovation with societal and environmental 
responsibilities. 
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