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Preface
In the rapidly evolving landscape of technology, artificial intelligence (A.I.) stands out as a 
transformative force, reshaping industries and redefining possibilities. One of the critical areas 
where A.I.’s impact is profoundly felt is in data centers. These hubs of digital activity are the 
backbone of our connected world, processing and storing vast amounts of data that power 
everything from social media to advanced scientific research. 

As A.I. continues to advance, it brings both opportunities and challenges to data centers. On 
one hand, A.I. enhances the efficiency and performance of data centers through intelligent 
automation, predictive maintenance, and optimized resource management. On the other 
hand, the increasing demand for A.I.-driven applications leads to higher energy consumption 
and greater environmental impact. 

This thought leadership piece delves into the dual-edged sword of A.I.’s influence on data 
centers. It explores how A.I. can be leveraged to create smarter, more efficient data centers 
while emphasizing the urgent need to prioritize sustainability. By adopting green technologies, 
improving energy efficiency, and implementing sustainable practices, data centers can 
mitigate their environmental footprint and contribute to a more sustainable future. 

Moreover, the design of data centers is evolving to meet the specific needs of A.I. compute 
requirements. High power demands and high cabinet power density are becoming the norm, 
needing advanced cooling solutions such as liquid cooling to manage the heat generated 
by powerful A.I. hardware. New equipment types, including specialized A.I. accelerators and 
GPUs, are being integrated into data center infrastructure, driving the need for innovative 
design approaches. 

Join us as we navigate the intersection of A.I. and sustainability in data centers, uncovering 
strategies to harness the power of A.I. responsibly and ensuring that our digital infrastructure 
supports a greener, more sustainable world.  More areas of evolving data center design will be 
addressed in future publications.
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Introduction
Welcome to the 2024 Design & Engineering Thought Leadership Report entitled, The Future of Data Centers: Innovations for an 
A.I.-Powered, Sustainable World.
The rapid advancement of artificial intelligence (A.I.) has led to an exponential increase in the demand for data center capabilities, 
particularly for A.I. training and inference tasks. These tasks require significant computational power, resulting in higher power 
densities and the need for innovative cooling solutions such as liquid cooling. Concurrently, the global push towards sustainability 
has placed data centers under immense pressure to reduce their carbon footprint and adopt green energy solutions. However, 
the current shortage of green power presents a formidable challenge. This whitepaper explores the creative and forward-thinking 
approaches necessary to address these challenges, ensuring that data centers can meet the growing demands of A.I. while 
maintaining sustainability.

Sustainable Data Centers – New, Revitalized and A.I.-Capable

Arcadis Perspectives
The Impact of A.I. on Data Centers

The Evolution of A.I. and Its Impact on Data Centers

Power Density and Cooling Solutions: From Air to Liquid

The Green Power Dilemma: Challenges and Opportunities

The Sustainability Imperative for Data Centers

Innovative Approaches to Sustainable Data Center Design

Case Studies: Successful Implementations of Green Data Centers

Future Trends: What Lies Ahead for A.I. and Data Center Sustainability
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The Impact of A.I. on Data Centers

Introduction
Artificial Intelligence (A.I.) has undergone a remarkable transformation over the past few decades, evolving from a theoretical 
concept to a critical component of modern technology. This evolution has significantly impacted various industries, with data centers 
being at the forefront of this change. As A.I. continues to advance, the demands placed on data centers have increased exponentially, 
necessitating innovative solutions to meet these new challenges.

Energy Efficiency: With sustainability becoming a global priority, data centers are under pressure to reduce their energy consumption 
and carbon footprint. This has driven the adoption of energy-efficient technologies and the exploration of renewable energy sources.

Specialized Hardware: The rise of A.I. has spurred the development of 
specialized hardware, such as Graphics Processing Units (GPUs) and Tensor 
Processing Units (TPUs), designed to accelerate A.I. computations. Data 
centers must adapt to incorporate these specialized components.

Conclusion
The evolution of A.I. has fundamentally transformed the landscape of 
data centers. From the early days of limited computational power to the 
current era of deep learning and specialized hardware, data centers have had to continuously adapt to meet the growing demands 
of A.I.. As A.I. continues to advance, the pressure on data centers to innovate and adopt sustainable practices will only intensify. The 
subsequent chapters of this whitepaper will delve deeper into the specific challenges and innovative solutions that are shaping the 
future of data centers in the age of A.I..

The Early Days of A.I.
In its infancy, A.I. was primarily confined to academic research 
and theoretical exploration. Early A.I. systems were limited by 
the computational power available at the time, which restricted 
their practical applications. Data centers during this period were 
designed to handle relatively modest workloads, focusing on 
basic data storage and processing tasks.

The Rise of Machine Learning
The advent of machine learning marked a significant turning 
point in the evolution of A.I.. Machine learning algorithms, 
capable of learning from data and improving over time, required 
substantial computational resources. This shift led to an 
increased demand for more powerful data centers, capable of 
handling the intensive processing needs of machine learning 
models.

The Deep Learning Revolution
Deep learning, a subset of machine learning, further accelerated 
the evolution of A.I.. Deep learning models, particularly neural 
networks with multiple layers, require immense computational 
power and large datasets for training. This revolutionized 
fields such as image and speech recognition, natural language 
processing, and autonomous systems. Consequently, data 
centers had to evolve to support the high-performance 
computing (HPC) requirements of deep learning.

The Impact on Data Center Infrastructure
The growing complexity and scale of A.I. workloads have had a 
profound impact on data center infrastructure. Traditional data 
centers, designed for general-purpose computing, are often 
ill-equipped to handle the specialized needs of A.I. training and 
inference. Key areas of impact include:

Power Density: A.I. workloads generate significant heat, 
necessitating higher power densities within data centers. This 
has led to the adoption of advanced cooling solutions, such as 
liquid cooling, to efficiently manage thermal loads.

Scalability: The scalability of data centers has become crucial 
to accommodate the ever-increasing computational demands 
of A.I.. This includes the ability to seamlessly integrate new 
hardware and expand capacity as needed.

As A.I. continues to advance, the demands 
placed on data centers have increased 
exponentially, necessitating innovative 
solutions to meet these new challenges.The Evolution of A.I. and Its Impact on Data Centers

4



65

Power Density and Cooling Solutions: From Air to Liquid
Introduction
As A.I. workloads continue to grow in complexity and scale, data centers are experiencing unprecedented increases in power density. 
This surge in power density presents significant challenges in terms of heat dissipation and cooling. Traditional air-cooling methods 
are often insufficient to manage the thermal loads generated by modern A.I. hardware. Consequently, data centers are increasingly 
turning to advanced cooling solutions, such as liquid cooling, to maintain optimal operating conditions and ensure the reliability and 
efficiency of their infrastructure.

The Challenge of Power Density
Power density refers to the amount of power consumed per unit area within a data center. With the proliferation of A.I. applications, 
the power density of data centers has risen dramatically. High-performance computing (HPC) systems, Graphics Processing Units 
(GPUs), and Tensor Processing Units (TPUs) used for A.I. training and inference generate substantial heat, which must be effectively 
managed to prevent overheating and maintain system performance.

Types of Liquid Cooling Solutions
There are several types of liquid cooling solutions available, each 
with its own benefits and applications:

•	 Direct-to-Chip Cooling: This method involves the use of cold 
plates that are directly attached to the processors and other 
heat-generating components. Coolant is circulated through 
the cold plates, effectively removing heat from the hardware.

•	 Immersion Cooling: In immersion cooling, entire servers 
or components are submerged in a dielectric coolant. The 
coolant absorbs heat and is then circulated through a heat 
exchanger to dissipate the heat.

•	 Rear-Door Heat Exchangers: These systems are installed on 
the rear doors of server racks and use liquid coolant to absorb 
heat from the exhaust air, reducing the temperature of the air 
before it is recirculated.

Implementation Considerations
While liquid cooling offers significant benefits, its 
implementation requires careful planning and consideration:

•	 Infrastructure Upgrades: Data centers may need to invest 
in new infrastructure to support liquid cooling systems, 
including coolant distribution units and heat exchangers.

•	 Maintenance and Monitoring: Liquid cooling systems require 
regular maintenance and monitoring to ensure optimal 
performance and prevent leaks or other issues.

•	 Cost: The initial cost of implementing liquid cooling can be 
higher than traditional air- cooling systems, though the long-
term energy savings and efficiency gains can offset these 
costs.

Conclusion
The shift from air to liquid cooling represents a critical evolution 
in data center design, driven by the increasing power density 
of A.I. workloads. Liquid cooling solutions offer significant 
advantages in terms of efficiency, energy consumption, and 
space optimization, making them an essential component of 
modern data centers. As A.I. continues to advance, the adoption 
of innovative cooling solutions will be crucial to maintaining 
the performance, reliability, and sustainability of data center 
infrastructure.

Traditional Air-Cooling Methods
Historically, data centers have relied on air cooling to dissipate heat. Air cooling involves the use of fans and air conditioning systems 
to circulate cool air and remove heat from the data center environment. While air cooling has been effective for many years, it faces 
several limitations in the context of modern A.I. workloads:

•	 Limited Efficiency: Air cooling systems can struggle to efficiently dissipate the heat generated by high-density A.I. hardware, 
leading to hotspots and reduced performance.

•	 High Energy Consumption: Air conditioning systems consume significant amounts of energy, contributing to the overall power 
consumption and carbon footprint of the data center.

•	 Space Constraints: As power density increases, the physical space required for air cooling infrastructure becomes a limiting factor.

The Shift to Liquid Cooling
To address the limitations of air cooling, data centers are increasingly adopting liquid cooling solutions. Liquid cooling involves the 
use of a liquid coolant to absorb and transfer heat away from the hardware. This method offers several advantages over traditional 
air cooling:

•	 Higher Efficiency: Liquid cooling is more efficient at transferring heat, allowing for better temperature control and reduced risk of 
overheating.

•	 Reduced Energy Consumption: Liquid cooling systems typically consume less energy than air conditioning systems, contributing 
to lower overall energy usage and improved sustainability.

•	 Space Optimization: Liquid cooling systems can be more compact than air cooling infrastructure, freeing up valuable space within 
the data center.

To address the limitations of air cooling, 
data centers are increasingly adopting liquid 
cooling solutions. Liquid cooling involves 
the use of a liquid coolant to absorb and 
transfer heat away from the hardware, 
offering higher efficiency and reduced 
energy consumption.
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The Green Power Dilemma: Challenges and Opportunities
Introduction
The global push towards sustainability has placed data centers 
under increasing pressure to reduce their carbon footprint and 
adopt carbon-free solutions. However, the transition to green 
power is fraught with challenges, including the availability and 
reliability of renewable energy sources. This chapter explores 
the green power dilemma faced by data centers, examining 
the challenges and opportunities that arise in the quest for 
sustainability.

The Growing Demand for Green Power
As the demand for data center services continues to grow, so does 
the need for energy. Data centers are significant consumers of 
electricity, and their energy consumption is expected to increase 
with the drastic rise of A.I. and other computationally intensive 
applications. This growing demand for energy has heightened the 
urgency for data centers to increase carbon-free energy sources. 
Nuclear power has potential for large carbon-free base load, but 
requires long term thinking.

Challenges in Adopting Carbon-Free Power
•	 Availability and Reliability: One of the primary challenges in adopting green power is the availability and reliability of renewable 

energy sources. Solar and wind power, for example, are dependent on weather conditions and may not provide a consistent 
energy supply. This intermittency can pose significant challenges for data centers that require a stable and continuous power 
supply.

•	 Infrastructure and Investment: Transitioning to green power often requires significant infrastructure upgrades and investment. 
Data centers may need to install solar panels, wind turbines, or other renewable energy systems, which can be costly and time-
consuming. Additionally, integrating these systems with existing power infrastructure can present technical challenges.

•	 Energy Storage: To address the intermittency of renewable energy sources, data centers need effective energy storage solutions. 
Batteries and other energy storage technologies can store excess energy generated during peak production times and release it 
when production is low. However, these technologies are still developing and can be expensive to implement at scale.

•	 Regulatory and Policy Barriers: Regulatory and policy barriers can also hinder the adoption of green power. In some regions, 
regulations may limit the ability of data centers to generate their own renewable energy or connect those generation systems 
to the grid. Navigating these regulatory landscapes can be complex and may require collaboration with policymakers and utility 
companies.

Large consistent base load power can be supplied carbon-free by nuclear power plants. Partnering with existing or future plant 
designs is an opportunity for bulk solutions. There is risk in the completion of a nuclear project due to timeline and costs, however 
overall there is a lower natural resource count than other forms of energy. Long-term thinking can lead to lower costs in this energy 
choice.

Opportunities for Data Centers
Despite these challenges, there are significant opportunities 
for data centers to embrace green power and enhance their 
sustainability:

•	 Renewable Energy Procurement: Data centers can enter into 
power purchase agreements (PPAs) with renewable energy 
providers to secure a stable supply of green power. PPAs allow 
data centers to purchase renewable energy at a fixed price, providing cost stability and supporting the development of new 
renewable energy projects.

While nuclear power may not be defined as a renewable in its present state, there are emerging opportunities with existing and 
developing reactor designs. Licensing of new designs is a long-term process and presents some risk. Partnering with existing plant 
designs or existing installations on PPAs a shorter term opportunity.

One of the primary challenges in adopting green 
power is the availability and reliability of renewable 
energy sources. Solar and wind power, for example, 
are dependent on weather conditions and may not 
provide a consistent energy supply.

•	 On-Site Renewable Energy Generation: By investing in on-site renewable energy generation, such as solar panels or wind turbines, 
data centers can reduce their reliance on the grid and enhance their energy independence. On-site generation can also provide a 
reliable source of power during grid outages.

•	 Energy Efficiency Measures: Improving energy efficiency is a critical component of reducing the overall energy consumption of 
data centers. Implementing energy-efficient technologies, optimizing cooling systems, and adopting best practices for energy 
management can significantly reduce the carbon footprint of data centers.

•	 Collaboration and Innovation: Collaboration with industry partners, researchers, and policymakers can drive innovation and 
accelerate the adoption of green power solutions. By working together, stakeholders can develop new technologies, share best 
practices, and advocate for supportive policies that facilitate the transition to renewable energy.

Case Studies
Several data centers have successfully navigated the green power dilemma and serve as examples of sustainable practices:

•	 Google: Google has committed to operating its data centers on 24/7 carbon-free energy by 2030. The company has invested in 
renewable energy projects and implemented advanced energy management systems to achieve this goal.

•	 Microsoft: Microsoft has pledged to be carbon negative by 2030 and has invested in renewable energy projects, energy storage 
solutions, and energy efficiency measures to reduce its carbon footprint.

•	 Equinix: Equinix has made significant investments in renewable energy and energy efficiency, presently achieving over 90% 
renewable energy coverage for its global data center portfolio.

Conclusion
The green power dilemma presents both challenges and opportunities for data centers. While the transition to renewable energy 
sources requires significant investment and innovation, it also offers the potential for substantial environmental and economic 
benefits. By embracing green power and implementing sustainable practices, data centers can play a crucial role in the global effort 
to combat climate change and build a more sustainable future.
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The Sustainability Imperative for Data 
Centers

Innovative Approaches to Sustainable Data Center Design
Introduction
As the demand for data center services continues to grow, so does the need for sustainable design practices that minimize 
environmental impact while maximizing efficiency and performance. Innovative approaches to data center design are essential to 
meet these goals, incorporating advanced technologies, renewable energy sources, and energy-efficient practices. This chapter 
explores some of the most promising and creative strategies for designing sustainable data centers.

Balancing Performance and Sustainability in the Age of A.I. – Key Metrics:
All lifecycle aspects impacting climate change and sustainability should be considered while meeting business financial success 
criteria and meeting projected future market needs.  There must be a foundational framework for the strategy, design, construction, 
and operation of the next generation of data centers (Data Center of the Future – DCoF).  

Design Criteria
Fundamentally, meeting market demands for data centers to serve various needs going forward – hyperscale cloud, large scale 
colocation, retail colocation, enterprise, edge, and special – by anticipating them correctly and providing for them better than the 
competition requires market research and understanding, a vision, and a framework founded on the right set of success criteria.  
Success can be consistently achieved only through following such an approach.

A sample set of such life cycle metrics:

Design Criteria Based on Research on Life Cycle Market Needs
Designs of current generation data centers are based on using available grid power, local water and real estate resources, and 
have become optimized to provide low power density, air-cooled data halls efficiently, often with reliance on water evaporation for 
cooling.  The envisioned future data center design will need to be optimized for high/mixed power density, hybrid cooled data halls 
efficiently without relying on water for cooling, while incorporating circularity considerations such as standardization, reuse of waste 
heat, reducing lifecycle new material use and enhancing reuse and recycling.  Standardized design elements for local green power 
generation, energy storage, grid and district interactivity will be developed to be part of or to adjoin data centers where it makes 
sense, as determined by simply structured decision-making tools.

Sustainable Materials Use
Energy-efficient Building Materials and Techniques
•	 Overview of environmental impact of traditional data center 

construction

•	 Benefits of using sustainable materials

•	 Industry trends and future directions

What is Green Steel and How is it Used?
•	 Benefits of using green steel made with innovative new 

technology (reduced carbon footprint, recycled content)

•	 Case studies of green steel use in data center construction

What is Green Concrete and How is it Used?
•	 Types of green concrete (recycled aggregate, low-carbon 

cement, etc.)

•	 Benefits of using green concrete (reduced waste, lower 
carbon footprint)

•	 Design and construction considerations for green concrete 
use

Building Sustainable Data Centers with Engineered Wood
•	 Types of engineered wood products (glulam, CLT, etc.)

•	 Benefits of using engineered wood (renewable resource, 
reduced waste)

•	 Case studies of engineered wood use in data center 
construction

Integrating Sustainable Materials into Data Center Design and 
Build
•	 Building orientation and layout for energy efficiency

•	 Structural design considerations for green materials

•	 Collaboration between architects, engineers, and contractors

Implement Optimize
Forecast New

Required 
Performance 

at Mid-life
Design & 

Construct

Potential Design Performance
With Roadmap Implementation

Desired Resilient Performance
100% RE, <1.1 PUE, etc.

Expected Stranded Performance
Financial & ESG

Horizon 0: 0-2 Yrs.

Roadmap Portfolio of 
Options

Analyze & 
Understand

Horizon 1: 2-5 Yrs. Horizon 2 & 3: 5-10+ Yrs.

These and other identified factors shall have target goals set at maturity as well as during the life cycle ramp.  Actual operational 
performance measures shall be managed to equal or exceed these goal values during the life cycle of the data center/s.

In addition to the above sample metrics, most of the metrics from the IEEE whitepaper (“Metrics for Sustainable Data Centers – IEEE 
Transaction on Sustainable Computing) are important.  The critical subset of metrics will be modeled by the Digital Twin associated 
with the DCoF. 

•	 EBITDA 	 Earnings before interest, taxes, depreciation,

			   and amortization; YOY%

•	 ROIC		 Return on Invested Capital

•	 REF 		  Renewable Energy Factor

•	 PCE		  Power Capacity Effectiveness

•	 PUE		  Power Use Effectiveness

•	 TUE		  Total Use Effectiveness

•	 WUE		 Water Usage Effectiveness

•	 CUE		  Carbon Usage Effectiveness

•	 ERE		  Energy Reuse Effectiveness

•	 $/kW  	 Capex as a function of cabinet power density

			   for diverse designs

•	 DTE		  Digital Twin Effectiveness – Digital Twin models

			   accuracy

Success Criteria
Ultimate success of data center strategies will be demonstrated through the measurement, tracking and reporting of suitable 
metrics.
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Exploring Eco-friendly Options for Data Center Buildouts
•	 Low-VOC paints and coatings

•	 Recycled and recyclable materials (e.g. recycled plastic)

•	 Bamboo and other rapidly renewable materials

Minimizing Environmental Impact during Construction
•	 Good eco-friendly construction practices

•	 Reduce, recycle, reuse

Addressing Common Obstacles to Using Sustainable Materials 
•	 Higher upfront costs and ROI considerations

•	 Limited availability and sourcing challenges

•	 Education and training for design and construction teams

•	 Life cycle costing considerations and approaches

Designing for future upgrades and adaptability
•	 Staying ahead of the curve in eco-friendly data center 

buildouts

•	 Research and development in new sustainable materials

•	 Innovative construction techniques and technologies

•	 Industry collaborations and knowledge sharing

Green Steel
Green steel is sustainably produced steel unlike conventional steel manufacturing processes which are carbon intensive.  A DRI 
(Direct Reduced Iron) reactor is a key component of the direct reduction process used in the production of sponge iron or direct 
reduced iron. This process involves the reduction of iron ore (usually hematite or magnetite) into metallic iron without melting it. 
The reduction is typically carried out in a reactor using a reducing gas, which can be green hydrogen produced by electrolysis using 
renewable electricity. 

The direct reduction process is an alternative to the traditional blast furnace method of iron production and has several advantages, 
including lower energy consumption and reduced emissions. DRI produced in this process can be used as a feedstock for electric arc 
furnaces (EAF) in steelmaking, providing a cleaner and more energy-efficient alternative to scrap steel or pig iron produced in blast 
furnaces.  These products are used to produce green steel used in sustainable steel construction.

Green Concrete
Concrete manufacture and use is carbon intensive.  Data center construction uses a large amount of cement concrete.  Concrete with 
less carbon impact is becoming available, increasingly so every year.  The World Economic Forum outlines four main decarbonization 
pathways for the cement and concrete industry:

•	 Cutting the Clinker: Clinker, the primary component in cement, is extremely carbon-intensive. Replacing clinker with 
supplementary cementitious materials (SCMs) like Limestone Calcined Clay Cement (LC3) can reduce CO2 emissions by around 
40%.

•	 Alternative Fuels: Using lower-carbon fuels such as waste biomass and alternative energy sources can significantly reduce 
emissions from the cement production process.

•	 Circular Economy Practices: Incorporating recycled materials and waste products into the concrete mix reduces the need for 
virgin materials and lowers overall emissions.

Engineered Wood
Engineered wood refers to a range of wood products that are manufactured by binding or fixing the strands, particles, fibers, or 
veneers of wood together with adhesives or other methods to form composite materials. Common types of engineered wood 
include plywood, oriented strand board (OSB), and laminated veneer lumber (LVL).

As data center power densities go up, single and two-story data center buildings can replace multi-story data center construction 
providing similar IT capacities.  Engineered wood can be used in greater proportion compared to steel and concrete in such buildings 
to provide the following benefits.

•	 Carbon Storage: Wood naturally stores carbon, and engineered wood 
can retain this carbon for extended periods, especially when used in 
buildings that have long lifespans. This helps in reducing the overall 
carbon footprint of construction projects.

•	 Renewable Resource: Wood is a renewable resource, and when sourced 
from sustainably managed forests, it can be a more environmentally 
friendly option compared to non-renewable materials.

•	 Reduced Embodied Carbon: The embodied carbon in building materials refers to the total greenhouse gas emissions generated 
to produce them. Engineered wood has a lower embodied carbon compared to materials like cement and steel, making it a more 
sustainable choice.

•	 Economic Benefits: Using engineered wood can also be cost-effective. Studies have shown that substituting lumber for more CO2-
intensive materials can lower the GDP cost of meeting emissions caps and reduce the carbon price.

By integrating engineered wood into construction practices, the industry can move towards more sustainable building methods, 
significantly reducing its carbon footprint.

Engineered wood can be used in greater 
proportion compared to steel and concrete 
in such buildings to provide carbon storage, 
renewable resource, reduced embodied 
carbon, and economic benefits.
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Renewable Energy Integration
Integrating renewable energy sources into data center operations is a critical 
component of sustainable design. Innovative approaches include:

•	 On-Site Renewable Power: Locating data centers near sources of wind, solar, 
geothermal or hydro power can provide 100% renewable energy.  Up to now 
data centers have been located near major fiber network notes where these 
energy sources have not been available.  It is changing now.

•	 Virtual Renewable Power: When data centers cannot be located near renewable power sources for various reasons including 
latency, power purchase agreements to feed new sources of renewable power remotely into the utility grid and offset local use 
of non-renewable energy through established and credible means or power purchase agreements (vPPAs) and renewable energy 
credits (RECs).  At present this is the most popular way to achieve high levels of renewable energy use accreditation.

Advanced Cooling Techniques
Cooling is one of the most energy-intensive aspects of data center operations. Innovative cooling techniques can significantly reduce 
energy consumption:

•	 Liquid Cooling: Liquid cooling is more efficient than traditional air cooling, allowing for better temperature control and reduced 
energy use.  The concepts are illustrated further below.

•	 Free Cooling: Utilizing natural air or water sources to cool data centers can reduce the need for mechanical cooling systems. For 
example, data centers in cooler climates can use outside air to cool servers.

•	 Heat Reuse: Capturing and reusing waste heat from data centers for other purposes, such as heating nearby buildings or 
generating electricity, can improve overall energy efficiency.

Integrating renewable energy sources into 
data center operations is a critical component 
of sustainable design.

Energy-Efficient Hardware
The choice of hardware plays a crucial role in the sustainability of data centers. Innovations in energy-efficient hardware include:

•	 Low-Power Processors: Using processors designed for low power consumption can reduce the overall energy use of data centers.

•	 Solid-State Drives (SSDs): SSDs consume less power and generate less heat compared to traditional hard disk drives (HDDs), 
contributing to energy savings.

•	 Energy-Efficient Networking Equipment: Implementing energy-efficient switches, routers, and other networking equipment can 
further reduce power consumption.

Sustainable Building Materials and Practices
The construction and maintenance of data center facilities also offer opportunities for sustainability:

•	 Green Building Materials: Using sustainable materials, such as recycled steel and low-carbon concrete, can reduce the 
environmental impact of data center construction.

•	 Energy-Efficient Lighting: Implementing LED lighting and smart lighting controls can reduce energy use for lighting.

•	 Water Conservation: Designing data centers with water-efficient cooling systems and implementing rainwater harvesting can 
minimize water usage.

Courtesy: DeepCoolAI

Modularity
Modular data centers as well modular systems in more conventional data centers are innovative approaches that allow for scalable 
and flexible infrastructure. These data centers and systems are composed of prefabricated modules that can be quickly assembled 
and deployed. Key benefits include:

•	 Scalability: Modular design allows data centers to scale up or down based on demand, reducing the need for over-provisioning 
and minimizing energy waste.

•	 Efficiency: Prefabricated modules are designed for optimal energy efficiency, incorporating advanced cooling and power 
management systems.

•	 Speed of Deployment: Modular systems and data centers can be deployed more quickly than traditional data centers, reducing 
construction time and associated environmental impact.

Smart Energy Management Systems
Advanced energy management systems can optimize the energy 
use of data centers in real-time:

•	 A.I. and Machine Learning: Utilizing A.I. and machine learning 
algorithms to monitor and optimize energy consumption 
can lead to significant efficiency gains.  EkkoSense, Vigilent, 
Cadence and others offer commercial systems addressing this 
area.

•	 Dynamic Power Management: Implementing systems that 
dynamically adjust power usage based on workload can 
reduce energy waste.

•	 Energy Monitoring and Reporting: Continuous monitoring 
and reporting of energy use can help identify inefficiencies 
and track progress towards sustainability goals.

Conclusion
Innovative approaches to sustainable data center design are 
essential to meet the growing demand for data center services 
while minimizing environmental impact. By incorporating 
modular design, renewable energy integration, advanced cooling 
techniques, energy-efficient hardware, sustainable building 
materials, and smart energy management systems, data centers 
can achieve significant improvements in energy efficiency and 
sustainability. 

Innovative approaches to sustainable data 
center design are essential to meet the growing 
demand for data center services while minimizing 
environmental impact.
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Reuse of Existing Data Centers
As the demand for data center capacity continues to grow, 
the industry faces significant environmental and financial 
challenges. An often-overlooked solution is the reuse and 
revitalization of existing data center infrastructure. It has been 
said that the most carbon efficient data center is the one whose 
construction has been obviated.  If we can use existing data 
centers to meet new data center capacity needs, that would be a 
compelling approach for sustainability.

Benefits of Reusing Existing Data Centers:
•	 Reduced Carbon Footprint: Reusing existing infrastructure 

minimizes the need for new construction materials, reducing 
embodied carbon and associated emissions.

•	 Cost Savings: Revitalizing existing data centers can save up to 
50% of the costs associated with building new facilities.

•	 Faster Deployment: Repurposing existing infrastructure 
enables faster deployment of new capacity, meeting the 
needs of rapidly expanding businesses.

•	 Preservation of Resources: Reusing existing data centers 
conserves resources, reducing the demand for new materials 
and minimizing waste.

The steps involved in rejuvenating existing data centers include:

•	 Assessment and Audit: Conduct thorough assessments to 
identify opportunities for upgrades and modernization.

•	 Infrastructure Upgrades: Implement energy-efficient 
upgrades, such as LED lighting and advanced cooling 
systems.

•	  Refurbishment and Retrofitting: Refurbish and retrofit 
existing infrastructure to support new technologies and 
densities.

•	 Consolidation and Optimization: Consolidate and optimize 
existing capacity to maximize efficiency and reduce waste.

•	 Innovative Repurposing: Explore alternative uses for existing 
data center infrastructure, such as edge computing or 
colocation facilities.

Courtesy: DeepCoolAI

Courtesy: DeepCoolAI

Case Studies
Example 1: A hyperscale data center operator revitalized an existing facility, achieving a 30% reduction in energy consumption and a 
25% increase in capacity.

Example 2: A colocation provider repurposed an existing data center, reducing construction costs by 40% and deployment time by 
50%.

Liquid Cooling and Heat Management
Liquid cooling systems can provide highly efficient cooling for high-density data centers.  It can also enable easier implementation 
of strategies to capture and reuse waste heat from data center equipment, offsetting energy needs of industrial, district heating, 
greenhouses, water purification and other uses.

•	 AI revolution and high-powered servers 

•	 Processor and server technology improvements

•	 Liquid cooling technologies (immersion, direct-to-chip, and indirect)

•	 Heat reuse and recycling strategies

•	 Airside and water-side economization techniques

An often-overlooked solution is the reuse and 
revitalization of existing data center infrastructure. 
It has been said that the most carbon efficient data 
center is the one whose construction has been 
obviated. 
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Case Studies: Successful Implementations of Green Data 
Centers
Introduction
The transition to sustainable data center operations is not just a theoretical concept but a practical reality for many leading 
organizations. This chapter highlights several case studies of successful implementations of green data centers. These examples 
demonstrate how innovative approaches and technologies can be effectively applied to achieve significant improvements in energy 
efficiency and sustainability.

Case Study 1: Google’s Carbon-Free Data Centers
•	 Overview: Google has been a pioneer in the pursuit of 

sustainable data center operations. The company has 
committed to operating its data centers on 24/7 carbon-free 
energy by 2030.

•	 Renewable Energy Procurement: Google has entered into 
numerous power purchase agreements (PPAs) to secure 
renewable energy from wind and solar farms. This ensures a 
steady supply of green power for its data centers.

•	 Energy Efficiency: Google has implemented advanced 
cooling technologies, such as machine learning algorithms to 
optimize cooling systems, reducing energy consumption.

•	 Carbon Offsetting: For any remaining carbon emissions, 
Google invests in high-quality carbon offset projects to 
achieve net-zero emissions.

•	 Results: Google’s data centers are now some of the 
most energy-efficient in the world, with a power usage 
effectiveness (PUE) of 1.12. The company has also significantly 
reduced its carbon footprint, setting a benchmark for the 
industry.

Case Study 2: Microsoft’s Carbon Negative Commitment
•	 Overview: Microsoft has pledged to be carbon negative 

by 2030, meaning it will remove more carbon from the 
environment than it emits.

•	 Renewable Energy Investments: Microsoft has invested 
heavily in renewable energy projects, including solar and wind 
farms, to power its data centers.

•	 Energy Storage Solutions: The company is exploring 
advanced energy storage technologies to ensure a reliable 
supply of renewable energy.

•	 Sustainable Design: Microsoft’s data centers are designed 
with sustainability in mind, incorporating energy-efficient 
hardware and innovative cooling solutions.

•	 Results: Microsoft has achieved significant reductions in its 
carbon emissions and energy consumption. The company’s 
commitment to sustainability has also driven innovation in 
green technologies.

The PPA with Microsoft and Three-Mile Island Nuclear 
Generating Station Unit 1 will allow for consistent bulk energy 
for their data centers in the region. This can be estimated at 140 
TWh over 20 years.

Circular Economy and Waste Reduction
Reducing waste and promoting reuse and recycling of 
materials and wasted heat energy in data centers are critical for 
sustainability.

•	 Server and component refurbishment and reuse

•	 Recycling and responsible e-waste management

•	 Supply chain sustainability and circular procurement 
practices

Good Citizenship and Community Engagement
Building positive relationships with local communities and 
stakeholders and engaging in regulatory improvements are 
critical to success in implementing sustainable practices.

•	 Data center siting and community engagement strategies

•	 Investing in local infrastructure and economic development

•	 Transparency and reporting on sustainability performance

Operations and Maintenance for Sustainability
Ensuring ongoing sustainability in data center operations using best in class applications is key.  Several new areas are emerging 
which use artificial intelligence systems to learn operational patterns and work to enhance the same to achieve improvements in key 
performance metrics.

•	 Energy and water management best practices

•	 Continuous monitoring and performance optimization

•	 Employee training and engagement in sustainability efforts

Futureproofing and Innovation
Staying ahead of the curve in sustainable data center design and operations is key.

•	 Emerging technologies and trends in sustainable data centers

•	 Research and development partnerships and collaborations

•	 Scenario planning and strategic forecasting for long-term sustainability
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Case Study 3: Equinix’s Global Green Data Centers
•	 Overview: Equinix, a global data center provider, has made 

substantial investments in renewable energy and energy 
efficiency, achieving over 90% renewable energy coverage for 
its global data center portfolio.

•	 Green Building Certifications: Many of Equinix’s data centers 
are certified under green building standards such as LEED and 
BREEAM, ensuring they meet high sustainability criteria.

•	 Renewable Energy Procurement: Equinix has entered into 
PPAs and other agreements to source renewable energy for 
its data centers.

•	 Energy Efficiency Initiatives: The company has implemented 
various energy efficiency measures, including advanced 
cooling technologies and energy-efficient hardware.

•	 Results: Equinix has significantly reduced its carbon footprint 
and energy consumption, setting a strong example for the 
industry. The company’s commitment to sustainability has 
also enhanced its reputation and attracted environmentally 
conscious customers.

Case Study 4: Facebook’s Sustainable Data Centers
•	 Overview: Facebook has committed to supporting its global 

operations with 100% renewable energy and achieving net-
zero emissions across its value chain by 2030.

•	 Renewable Energy Projects: Facebook has invested in 
numerous renewable energy projects, including wind and 
solar farms, to power its data centers.

•	 Energy Efficiency: The company has implemented advanced 
cooling technologies and energy-efficient hardware to reduce 
energy consumption.

•	 Water Conservation: Facebook’s data centers are designed 
to minimize water usage, incorporating innovative water 
recycling and conservation technologies.

•	 Results: Facebook has made significant progress towards its 
sustainability goals, achieving 100% renewable energy for its 
global operations. The company’s data centers are among the 
most energy-efficient in the industry.

Conclusion
These case studies demonstrate that sustainable data center 
operations are not only achievable but also beneficial for 
both the environment and business. By adopting innovative 
approaches and technologies, companies like Google, Microsoft, 
Equinix, and Facebook have set new standards for energy 
efficiency and sustainability in the data center industry. The 
lessons learned from these successful implementations can 
serve as a guide for other organizations seeking to reduce their 
environmental impact and enhance their sustainability efforts.

These case studies demonstrate that sustainable 
data center operations are not only achievable 
but also beneficial for both the environment and 
business.

Future Trends: What Lies Ahead for A.I. and Data Center 
Sustainability
Introduction
As A.I. continues to evolve, the demands on data centers will only increase. To meet these demands sustainably, the industry must 
embrace emerging technologies and innovative approaches. This chapter explores future trends that are poised to shape the 
landscape of A.I. and data center sustainability, with a particular focus on quantum computing and neural network design for low 
power demand computing.

Quantum Computing: A Paradigm Shift
Quantum computing represents a significant leap forward in computational power and efficiency. Unlike classical computers, which 
use bits to process information, quantum computers use quantum bits (qubits) that can exist in multiple states simultaneously. 
This allows quantum computers to solve complex problems much faster and more efficiently than classical computers.  Quantum 
computing is only applicable to a subset of all data center computational needs.  It is not certain at the moment what proportion of 
computational needs in the future could be addressed by Quantum computing.

Potential Impact on Data Centers
•	 Energy Efficiency: Quantum computers have the potential 

to perform certain calculations with significantly less energy 
than classical computers, reducing the overall energy 
consumption of data centers.

•	 Enhanced AI Capabilities: Quantum computing can accelerate 
AI training and inference, enabling more complex models 
and faster processing times. This can lead to more efficient AI 
applications and reduced computational overhead.

•	 Optimization of Operations: Quantum algorithms can 
optimize data center operations, such as resource allocation 
and energy management, leading to more efficient and 
sustainable practices.

Neural Network Design for Low Power Demand Computing
The design of neural networks plays a crucial role in determining 
the power consumption of AI applications. Innovations in neural 
network design can lead to significant reductions in energy 
demand, making AI more sustainable.

Key Innovations
•	 Sparse Neural Networks: Sparse neural networks reduce the 

number of active connections and computations, leading to 
lower power consumption without sacrificing performance. 
Techniques such as pruning and quantization can create more 
efficient models.

•	 Neuromorphic Computing: Inspired by the human brain, 
neuromorphic computing uses specialized hardware to mimic 
neural structures and processes. This approach can achieve 
high computational efficiency and low power consumption, 
making it ideal for AI applications.

•	 Edge AI: Deploying AI models on edge devices, closer to 
where data is generated, can reduce the need for data 
transmission and centralized processing. This approach not 
only lowers latency but also reduces the energy consumption 
associated with data center operations.



Integration of Renewable Energy and Advanced Energy 
Storage
The future of data center sustainability will also depend on the 
integration of renewable energy sources and advanced energy 
storage solutions combining grid, district and data center 
campus systems.  Emerging trends are:

•	 Hybrid Energy Systems: Combining multiple renewable 
energy sources, such as solar, wind, and hydro, can provide a 
more reliable and consistent power supply for data centers.

•	 Advanced Battery Technologies: Innovations in battery 
technology, such as solid-state batteries and flow batteries, 
can enhance energy storage capabilities, ensuring a stable 
supply of renewable energy even during periods of low 
production.

•	 Grid Independence: Data centers may increasingly seek to 
achieve grid independence by generating and storing their 
own renewable energy. This can enhance resilience and 
reduce reliance on external power sources.

Development of nuclear technologies yet to be licensed on sites 
is a market emergence with strong potential. Partnering with 
existing nuclear plant sites is a continuing opportunity. This 
source of energy allows for a reduction of natural resources and 
the supply of base load power.

A.I.-Driven Energy Management
A.I. itself can play a pivotal role in enhancing the sustainability of 
data centers through advanced energy management systems.

Applications
•	 Predictive Maintenance: A.I. algorithms can predict 

equipment failures and optimize maintenance schedules, 
reducing downtime and improving energy efficiency.

•	 Dynamic Resource Allocation: A.I. can dynamically allocate 
resources based on real-time demand, optimizing energy use 
and reducing waste.

Conclusion
The future of AI and data center sustainability is bright, driven by emerging technologies and innovative approaches. Quantum 
computing and neural network design hold the promise of significantly reducing energy consumption while enhancing 
computational capabilities. The integration of renewable energy, advanced energy storage, and AI-driven energy management will 
further propel the industry towards a more sustainable future. By embracing these trends, data centers can continue to support the 
growing demands of AI while minimizing their environmental impact.

About Arcadis
Arcadis is the world’s leading company delivering data-driven sustainable design, engineering, and 
consultancy solutions for natural and built assets. We are more than 36,000 architects, data analysts, 
designers, engineers, project planners, water management and sustainability experts, all driven by our 
passion for improving quality of life. As part of our commitment to accelerating a planet positive future, 
we work with our clients to make sustainable project choices, combining digital and human innovation, 
and embracing future-focused skills across the environment, energy and water, buildings, transport, and 
infrastructure sectors. We operate in over 30 countries, and in 2023 reported €5.0 billion in gross revenues.  
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•	 Energy Consumption Forecasting: A.I. can analyze historical data and predict future energy consumption patterns, enabling more 
efficient energy planning and management.


