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|. Executive Summary

Hyperscale data centers, driven by the increasing demands of artificial intelligence (Al) and
expansive cloud services, are experiencing an unprecedented surge in electricity consumption.
This escalating demand is transforming these facilities from mere large consumers into
significant liabilities for power grids. Current projections indicate that data center electricity
consumption in the United States, which stood at approximately 4.4% of total electricity in
2023, could escalate to between 6.7% and 12% by 2028, and potentially up to 9% of annual
domestic electricity generation by 2030. For individual hyperscale facilities, power demands
can range from 100 megawatts (MW) to over 150 MW for large Al data centers, with an annual
electricity consumption equivalent to that of 350,000 to 400,000 electric cars. This
concentrated and rapidly growing demand leads to pronounced localized grid strain,
infrastructure bottlenecks, and significant challenges in achieving climate targets, often
necessitating the consideration of reactivating fossil fuel power plants.

This article demonstrates how the digital grid’s intelligent operations and eco-centric business
models provide the framework to enable a fundamental shift, transforming data centers from
passive grid burdens into active, flexible resources that conform to the digital grid’s
requirements. By aligning with these enabling concepts, data centers can fundamentally
redefine their relationship with the digital grid. This transformation not only mitigates their
environmental footprint and operational costs but also enables them to provide critical grid
services, thereby enhancing overall grid stability, accelerating the transition to a sustainable
energy future, and fostering a synergetic relationship between digital infrastructure and
energy systems.



Il. The Escalating Grid Liability of Hyperscale Data
Centers

The digital economy's persistent expansion has positioned hyperscale data centers as critical
infrastructure; however, their escalating energy demands present a significant challenge to
global electricity grids.

Current and Projected Electricity Consumption Trends, Emphasizing
the Impact of Al Workloads

Data centers currently account for approximately 1% of global electricity consumption, a figure
that, while seemingly modest in a broader context, belies the sector's rapid growth and
concentrated impact [4]. Large hyperscale data centers, which are becoming increasingly
prevalent, typically command power demands of 100 MW or more, with some of the largest
facilities, such as China Telecom's Inner Mongolia Information Park, consuming at least 150 MW
annually [1]. This scale of consumption is equivalent to the annual electricity demand of
hundreds of thousands of electric cars [4].

The most significant accelerant of this demand is the explosive growth of artificial intelligence
(Al) workloads. Al training and inference, which are computationally intensive, necessitate
specialized hardware like Graphics Processing Units (GPUs) and other accelerators that
require enormous amounts of power. A single rack of Al-capable equipment can consume 30
kW to 100 kW, a staggering six times higher than the average standard data center rack [1].
Internet queries leveraging Al are estimated to require approximately ten times the electricity
of traditional internet searches [3]. Projections indicate that Al-related data center demand
alone could reach tens of gigawatts by 2030 [7]. While continuous efficiency improvements at
both hardware and software levels, such as Al-related computer chips doubling efficiency
every two to three years and new cooling technologies, offer some mitigation, the sheer volume
and intensity of Al workloads are outpacing these gains, leading to a substantial rise in
electricity demand through 2030 [1]. For example, the DeepSeek Al model claims to be
significantly more energy-efficient, reportedly using 10 to 40 times less energy than similar
U.S. Al technology or a 50% to 75% power cut compared to Nvidia's latest GPU units, and
requiring only about 2,000 Nvidia chips for its R1 model. Despite such advancements in
individual system efficiency, the relentless drive for more advanced and complex Al models
could still fuel a continuous increase in overall energy demand.



Analysis of Localized Grid Strain, Infrastructure Bottlenecks, and
Environmental Concerns

Despite the global context, the impact of data center electricity demand is most acutely felt at
the local level due to their spatial concentration. In major economies like the United States,
China, and the European Union, data centers already account for 2-4% of total electricity
consumption. However, in specific regions, this figure can be dramatically higher, surpassing
10% in at least five U.S. states and exceeding 20% of all electricity consumption in Ireland [4].
This localized concentration creates a unique challenge, as large data centers can have power
demands comparable to industrial facilities like electric arc furnace steel mills, but unlike steel
plants, they tend to cluster in the same geographic areas, exacerbating local grid stress [4].

The rapid expansion has already led to tangible consequences, with some jurisdictions, such
as Ireland, imposing pauses or pausing new contracts for data centers due to overwhelming
requests and grid constraints [4]. Utilities in major data center markets face immense pressure
to invest billions of dollars in new infrastructure to meet this surging demand. This often occurs
without complete clarity on which data centers will ultimately be built or their precise electricity
needs, leading to potential misallocation of resources and financial risks for utilities and
ratepayers [6]. The existing grid infrastructure, much of which was built over a century ago and
remains fragmented, struggles to keep pace with the rapid development cycles of data
centers, resulting in long interconnection queues and significant delays in bringing new
facilities online [2].

Furthermore, meeting this rising power demand often entails significant environmental
conseguences. Approximately 56% of the electricity consumed by data centers nationwide in
the U.S. is sourced from fossil fuels [5]. To fulfil new demand, local utilities in regions like
Georgia, Virginia, and Kansas have even requested the reactivation of decommissioned coal
and natural gas plants [2]. This reliance on fossil fuels directly increases carbon emissions,
making it more challenging for regions and countries to meet their climate targets.] Beyond
electricity, the rapid expansion of data centers also raises concerns regarding increased noise
pollution, water stress, and land use in affected communities [2].

The shift from traditional data centers to "Al factories" represents a fundamental alteration in
workload characteristics. Al workloads are defined by their higher compute intensity, steeper
cooling requirements, and, critically, their volatile power demand [12]. This volatility, combined
with the immense scale, transforms the nature of the grid burden from a predictable, static
load into a dynamic, rapidly fluctuating one. This necessitates a more agile and dynamic
response from the grid, moving beyond conventional static load management paradigms.



The current grid model and its regulatory environment are inherently ill-equipped to handle the
scale and speed of hyperscale data center growth. The aging and fragmented infrastructure,
coupled with slow, capital-intensive development cycles, creates a critical mismatch with the
rapid pace of digital demand [2]. This leads to extensive interconnection queues and significant
delays for new facilities [2]. Moreover, traditional regulatory frameworks struggle to adapt,
introducing risks such as "stranded assets" for distribution network operators if projected data
center loads do not materialize as expected [9]. This situation underscores the urgent need for
innovative solutions that can unlock existing grid capacity and accelerate the integration of
new loads within a much shorter timeframe [14].

The environmental impact of data center growth presents a complex dilemma. While their
demand is rising, a substantial portion of their electricity still comes from fossil fuels [5]. The
pressure to meet this demand can lead to the reactivation of carbon-intensive power plants,
directly undermining climate goals [2]. Simultaneously, the deployment of new renewable
energy sources is often hindered by slow permitting processes and insufficient transmission
infrastructure [2]. This creates an environmental double-bind: rapid digital growth exacerbates
emissions, yet the traditional pathways for clean energy integration are too slow or
constrained. This situation highlights that transforming data centers into flexible grid resources
is not merely an economic or reliability imperative, but a crucial environmental one, offering a
pathway to integrate more renewables without increasing reliance on new fossil fuel
generation.

Table 1: Projected Hyperscale Data Center Electricity Demand and Grid Impact (2023-
2030)
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lll. Intelligent Operations: The Technological and

Operational Foundation for Flexibility

The transformation of hyperscale data centers into flexible grid resources is fundamentally
underpinned by the adoption of intelligent operations. Intelligent operations are the
operational capabilities used by a digital grid to manage bidirectional energy flows by
orchestrating energy assets both above and behind the meter. This involves orchestrating
participants’ decisions through physical and digital connections, real-time data, and market
signals, and delegating decisions to intelligent assets. Software-defined assets (e.g., smart
chargers, smart thermostats, solar smart PV) are also flexibly orchestrated to create
operational advantages. These are enabled by IT/OT integration, comprehensive operational
data management programs, sensors and actuators, networks, digital twins, real-time
analytics, AlI/ML, orchestration platforms, and market interfaces (transactive/flexibility signals).
The outcome is adaptive and economically optimized operations that increase grid flexibility,
resilience, renewable hosting capacity, and operational efficiency [98].



A. Intelligent Assets and IT/OT Convergence

In the digital grid environment, Intelligent assets form an important foundation for a
dynamically responsive data center infrastructure. These assets are embedded with sensors,
processing capabilities, and network connectivity, enabling them to collect and analyse data,
communicate, and react autonomously to changing operational conditions. Key examples
include Intelligent Power Distribution Units (iPDUs) and smart cooling systems. Intelligent PDUs
are networked power supplies that offer real-time remote monitoring of power and
environmental conditions at granular levels—unit, inlet, or even individual outlet [16]. This
granular data provides precise insights into power usage, available capacity, and Power Usage
Effectiveness (PUE), facilitating accurate resource provisioning and efficiency tracking.
Critically, iPDUs also enable remote power actions, such as switching devices on or off and
power cycling, enhancing remote management capabilities [16].

Smart cooling systems represent another vital category of intelligent assets. These systems
leverage networks of sensors, sophisticated cooling unit controls, and Al engines to
dynamically match cooling output to real-time IT load demands [18]. By precisely tracking heat
flows and modulating cooling resources, they minimize overcooling—a common source of
energy waste—leading to substantial energy savings. For instance, Google has famously
utilized Al to control its cooling infrastructure, reportedly reducing data center cooling energy
by up to 40% [20]. Siemens' Al-optimized cooling solutions have demonstrated average
energy savings of 40% and PUE improvements of 5-10% across numerous installations [18].
The pervasive deployment of sensors throughout the data center infrastructure ensures
continuous monitoring of critical variables like temperature, humidity, server load, and energy
consumption, feeding real-time data streams essential for automated adjustments and the
early detection of anomalies [18].

The true power of these intelligent assets is unleashed through IT/OT integration and their
ability to interact with the digital grid. IT/OT integration integrates data management systems
(IT), which oversee data processing, servers, and network infrastructure, with industrial
operation systems (OT), which monitor and control the physical environment, including power
distribution, cooling units, and environmental controls [23]. This integration enables a
seamless, real-time exchange of data between these traditionally siloed domains, significantly
enhancing overall efficiency and effectiveness. Within a data center, this means linking insights
from IT systems (e.g., server workload, power draw) directly with OT systems (e.g., cooling unit
status, power supply). This synergy allows for dynamic adjustments, such as optimizing cooling
output based on real-time server load, rather than static, pre-set parameters [23]. The benefits
extend to enhanced operational efficiency, reduced costs through predictive maintenance,
improved decision-making based on a holistic view of operations, and better adherence to
regulatory standards [23].



Building upon this foundation, digital twins offer an advanced layer of end-to-end optimization.
A data center digital twin (DCDT) is a real-time virtual replica of the physical facility's entire
infrastructure—from individual server racks and cooling units to sensors and power feeds [21].
This virtual model is continuously updated with live operational data, allowing operators to
visualize conditions, analyses performance, and predict outcomes in a risk-free virtual
environment [21]. DCDTs support energy optimization by modelling and predicting
consumption patterns, enabling real-time adjustments to cooling systems, power distribution,
and workload allocation to maximize energy efficiency [25]. They are also instrumental in
capacity planning, simulating various scenarios to optimize space utilization and accurately
forecast future infrastructure needs [25]. Furthermore, predictive maintenance capabilities are
significantly enhanced, as DCDTs monitor equipment performance in real-time, anticipate
potential failures, and recommend proactive maintenance schedules to minimize downtime
[25]. The effective integration of DCDTs with existing Building Management Systems (BMS)
and Data Center Infrastructure Management (DCIM) tools is paramount to achieving a "single
source of truth" for comprehensive operational visibility and control [21].

The advanced capabilities of a data center’s intelligent assets, IT/OT convergence, and digital
twins enable its integration as a key member of the digital grid's ecosystem. By transforming
the data center into a responsive, highly optimized, and predictable entity, it can become a
dynamic participant in grid-level intelligent operations. The granular data on power
consumption and the ability to perform local and remote power actions allow the data center
to act as a flexible load resource, adjusting its energy demand in real-time to support grid
stability. This transforms the data center from a simple energy consumer into a proactive,
intelligent partner in a synergetic relationship with the grid. This real-time interoperability is the
core of how intelligent assets facilitate the grid's progression towards intelligent operations.

B. The Data Center as a Programmable Asset for the Digital Grid

The concepts of "software-defined assets” and “intelligent assets" extend beyond individual
components to encompass the entire data center infrastructure, fundamentally altering how it
is managed and optimized for energy efficiency and grid interaction.

A Software-Defined Data Center (SDDC) represents an IT management paradigm where
traditional infrastructure components—such as compute, storage, and networking—are
abstracted and delivered as software services. Unlike conventional data centers that require
manual management of individual physical components, SDDCs virtualize these resources,
separating them from the underlying physical hardware. This architectural shift enables faster
response times, dynamic scaling of resources, and highly efficient utilization of shared resource
pools, all without direct physical interaction. An SDDC functions as an IT-as-a-Service (ITaaS)
platform, capable of deployment across on-premises, private, public, or hybrid cloud
environments.



The core mechanisms enabling this software-defined approach are virtualization and policy-
driven automation. Virtualization allows multiple virtual servers to operate concurrently on a
single physical server, thereby consolidating workloads and significantly reducing the number
of active physical servers required. This directly translates to decreased electricity consumption
and reduced cooling requirements, as fewer physical machines generate less heat. Virtualization
also enhances hardware utilization, enables faster deployments, improves scalability, and
reduces downtime, contributing to overall operational efficiency.

Policy-driven automation, inherent in software-defined architectures, streamlines workflows
across compute, storage, and networking resources, enabling system provisioning and
management without manual human intervention. Centralized management platforms
continuously monitor infrastructure performance and resource usage, facilitating self-
optimizing operations that minimize manual configuration and enhance overall system
performance. These policies can dynamically adjust server power consumption based on real-
time application response-time requirements or pre-defined schedules, ensuring optimal
performance with minimal energy expenditure.

Within the SDDC framework, Software-Defined Networking (SDN) plays a crucial role. SDN is
an approach to network management that centralizes network intelligence by decoupling the
data plane (packet forwarding) from the control plane (routing). This programmatic control
allows network managers to configure, manage, secure, and optimize network resources
dynamically and efficiently. In the context of data center networks (SD-DCNs), SDN is leveraged
to optimize energy consumption by intelligently shutting down unnecessary network devices
and links while ensuring that traffic demands and Quality of Service (QoS) requirements are met.

Software-Defined Power (SDP) extends this virtualization and programmatic control to the
power infrastructure itself. SDP creates an abstraction layer that continuously matches power
resources with the dynamic and changing needs of the data center through software tools. This
involves sophisticated data collection, real-time analysis of power quality, intelligent switching
of loads, and comprehensive tracking of energy usage. For example, Microsoft has developed
software systems that maximize power allocation within its data centers by intelligently
leveraging redundant power during normal operations and precisely limiting power draw during
emergencies or planned maintenance events.

The Data Center as a Unified Intelligent Asset

The culmination of these principles is the transformation of the entire data center into a single,
cohesive Intelligent Asset from the digital grid's perspective. The data center acts as a
programmable load whose internal operations are managed by its own intelligent assets, which
can perform local optimization. The ability to manage these internal assets via software, as
described by the "software-defined" concept, is what provides the grid with the necessary
control and flexibility. This enables the entire data center to respond to external signals like grid
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stress or pricing signals. This capability is paramount for grid flexibility, allowing the data center
to become a highly responsive participant in advanced grid services, a level of agility
unattainable in traditional, hardware-centric setups.

C. Al and Machine Learning for Energy Optimization

Artificial Intelligence (Al) and Machine Learning (ML) are pivotal in elevating data center energy
management from automated processes to truly intelligent and predictive optimization. These
technologies enable a new level of real-time data analysis, predictive maintenance, and
anomaly detection across power and cooling systems.

Al/ML algorithms are capable of analyzing vast quantities of operational data, automating key
decisions, and continuously monitoring critical variables such as temperature, server load, and
energy consumption, making automatic adjustments in real time [22]. In cooling management,
Al thermal modeling precisely tracks heat flows at high resolution, allowing for targeted
modulation of cooling resources to match actual local loads, thereby minimizing
overprovisioning and reducing energy waste [35]. Siemens' Al-optimized cooling solutions, for
example, dynamically match facility cooling to IT load, leading to average energy savings of
40% and PUE improvements of 5-10% across numerous installations [18]. Google's application
of Al to control its data center cooling has also demonstrated significant energy reductions,
reportedly up to 40% [20]. Beyond real-time adjustments, Al predictive algorithms detect early
signs of impending breakdowns across assets, enabling carefully timed preemptive servicing.
This proactive approach avoids operational outages and the substantial energy waste
associated with distressed equipment drawing anomalously high power [35]. Moreover, Al
identifies abnormal operating patterns, preventing failures and reducing idle time, thereby
improving overall operational resilience [22].

A critical application of Al/ML is intelligent workload orchestration and dynamic server power
management, aimed at minimizing energy consumption without compromising performance. Al
algorithms analyze optimal ways to distribute tasks among servers, ensuring efficient resource
utilization and reduced energy consumption [22]. This includes smart workload scheduling and
eliminating resource stranding by dynamically balancing loads [35]. By accurately predicting
future energy needs, Al systems can automatically adjust processing capacity to avoid
unnecessary consumption [22]. Google, for instance, leverages Al to shift non-urgent compute
tasks, such as YouTube video processing or data backups, to periods when the grid is under
less strain or when renewable energy is more abundant [20]. This capability allows data centers
to manage large new energy loads even in regions with power generation and transmission
constraints [38]. Furthermore, techniques like Dynamic Voltage Frequency Scaling (DVFS) and
the strategic use of dummy loads are mechanisms that Al can leverage to dynamically adjust
server power consumption based on grid signals while maintaining Quality of Service (QoS) for
applications [39].
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Al serves as the central intelligence for the data center operations. While intelligent assets
provide the data (performing local optimization), and software-defined capabilities offer the
control mechanisms, Al/ML is the "brain" that transforms these capabilities into comprehensive
optimization and prediction. Its ability to analyze vast amounts of data in real-time and predict
usage patterns is critical for dynamic adjustments [22]. This represents a shift from static,
rules-based control to adaptive, learning systems that continuously improve efficiency [18].
This capability is essential for maximizing internal energy efficiency and for facilitating dynamic
interaction with the grid by intelligently managing complex trade-offs between performance,
cost, and external grid signals.

Paradoxically, the very nature of Al workloads, which drives the surge in data center demand,
also provides a unique solution for managing this demand flexibly. Al training and inference
workloads are "surprisingly flexible" and can be paused or load-balanced to a much greater
degree than traditional cloud workloads [40]. This is because many Al tasks, such as model
training or batch inference, are less time-sensitive and can tolerate brief interruptions [41].
Al/ML algorithms can orchestrate these workloads, allowing them to be shifted geographically
to regions with more available or cheaper power, or temporally to align with renewable energy
availability or off-peak hours [36]. This creates a self-reinforcing loop: Al generates the
demand, and Al provides the intelligence to manage that demand flexibly. This inherent
flexibility of Al workloads, managed by Al itself, is the primary mechanism through which
hyperscale data centers can transition from grid liabilities into flexible resources, offering
significant demand-side flexibility without compromising critical services.

IV. Eco-Centric Business Models: Redefining Data
Center Value

Beyond achieving internal operational efficiencies, hyperscale data centers can actively
participate in the digital grid’s eco-centric business model, which frames energy provisioning
as a collaborative ecosystem that generates value through the integration and orchestration
of resources owned by digital grid customers and partners. This participation involves
strategies such as strategic energy procurement, robust on-site generation, advanced energy
storage, resilient microgrids, and the innovative reuse of waste heat, all designed to maximize
value and operational resilience.

A. Strategic Energy Procurement and On-site Generation

Hyperscale data centers are increasingly adopting diversified energy strategies to alleviate
strain on the grid and reduce their carbon footprint. This involves a significant shift towards
integrating diverse renewable energy sources and advanced clean power technologies. Major
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technology companies, including Amazon, Meta, Microsoft, and Google, are among the largest
purchasers of green energy Power Purchase Agreements (PPAs), signaling a strong
commitment to sustainable energy supply [1].

On-site generation is rapidly evolving from a backup solution to a primary energy strategy, with
over a third of data centers projected to adopt it by 2030, and nearly half by 2035 [42]. While
wind and solar energy are increasingly utilized to power data centers, their intermittent nature
often necessitates combination with battery storage to maintain a consistent power supply [1].
Companies like Apple and Facebook have made substantial investments in large-scale solar
farms to meet their energy needs, demonstrating the feasibility and benefits of such
approaches [44].

Next-generation nuclear technologies, particularly Small Modular Reactors (SMRs), are gaining
viability as a clean, reliable, and dispatchable energy source that can significantly bolster grid
stability [1]. Equinix has emerged as a pioneer in this space, becoming the first data center
operator to sign agreements with SMR companies like Oklo, Radiant, and ULC-Energy (in
partnership with Rolls-Royce SMR). These agreements aim to procure hundreds of megawatts
of clean energy, leveraging SMRs' simplified designs for faster deployment [45]. Advanced fuel
cells, such as Bloom Energy's solid-oxide fuel cells, also provide scalable, efficient, and cleaner
on-site energy solutions, with Equinix deploying over 100 MW across numerous data centers
[45]. Microsoft has further demonstrated innovation by utilizing Renewable Natural Gas (RNG)-
fueled microgrids for backup and grid support, which significantly reduces emissions
compared to traditional diesel generators by transforming animal waste into environmentally
beneficial fuel [47]. Google has championed the use of Clean Transition Tariffs (CTTs) in
Nevada, partnering with NV Energy and Fervo Energy to source 24/7 clean energy from
geothermal plants, ensuring a consistent and dispatchable power supply [10].

Power Purchase Agreements (PPAs) are central to this strategic energy procurement. These
long-term contracts enable businesses to purchase renewable energy directly from
Independent Power Producers (IPPs), outlining terms such as delivery schedules, billing, and
payment [49]. Physical PPAs, which require the buyer to be located in the same grid region as
the generating facility, necessitate close coordination with grid operators for energy delivery
and may involve significant interconnection costs [51]. These agreements offer data centers
greater certainty over energy prices and contribute to their emissions reduction goals [10].
Beyond PPAs, data centers are actively engaging in direct utility partnerships, funding
advanced transmission system upgrades and new substations [45]. This collaborative
planning, from early stages through operation, is crucial for efficient electrical system design,
effective load management, and overall grid stability [52].

The approach to sustainability in data centers is evolving beyond mere “greenwashing” to
genuinely "grid-impacting" renewable energy strategies. Historically, data centers often met
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sustainability targets through the purchase of voluntary Renewable Energy Credits (RECs),
which did not necessarily ensure that their actual electricity consumption was clean or that
they contributed to grid stability. However, the current trend emphasizes direct procurement
of renewable energy through PPAs and on-site generation, with a particular focus on
dispatchable clean power sources like SMRs and geothermal [10]. Equinix's substantial
investments in SMRs [45] and Google's pioneering Clean Transition Tariff for geothermal
energy [10] exemplify a deeper commitment to actual decarbonization and direct grid
support, moving beyond simply meeting targets on paper. This indicates that eco-centric
models are increasingly designed to directly address grid challenges, positioning sustainability
as a driver for enhanced grid resilience and reliability.

Furthermore, the massive and predictable demand from hyperscale data centers is
transforming them into "anchor loads" for new clean energy generation projects. Their
willingness to sign long-term PPAs [49] and even co-locate with generation facilities [53]
provides the financial certainty required to develop new, often capital-intensive, clean power
plants such as SMRs or large-scale solar farms. This shifts their role from being solely
consumers to becoming catalysts that enable the deployment of new clean energy
infrastructure, thereby benefiting the broader grid. This positions data centers as key
accelerators in the clean energy transition by de-risking investments in new generation
capacity.

B. Integrating Energy Storage and Microgrids

Energy storage systems and microgrids are transforming data centers from passive consumers
with emergency backup into active, resilient grid participants. The deployment of Battery
Energy Storage Systems (BESS) is particularly crucial for managing the variable loads
characteristic of modern data centers. BESS can store excess energy during periods of low
demand or high renewable generation and release it during peak times, effectively balancing
supply and demand and reducing stress on the grid [54].

BESS enables several key functionalities for data centers:

e Peak Shaving: By discharging batteries during periods of high electricity demand, data
centers can significantly reduce their peak consumption charges, leading to lower overall
energy usage and substantial savings on electricity bills [55].

e Energy Arbitrage: BESS allows data centers to capitalize on electricity price fluctuations
by charging during low-price periods and discharging during high-price periods. This
strategy not only reduces energy costs but also creates additional revenue streams by
optimizing overall energy management [55].

e Grid Services: Commercial and Industrial (C&I) BESS can offer various valuable services
to the grid, including frequency regulation and voltage support. These services enhance
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grid reliability and stability while simultaneously creating new revenue opportunities for
businesses [55].

e Renewable Energy Integration: BESS effectively stores excess electricity generated
from intermittent renewable sources like solar and wind, increasing the data center's self-
consumption of clean energy and reducing its reliance on the main grid [55].

e Backup Power: In the event of grid outages or power quality issues, BESS provides an
uninterrupted power supply, ensuring critical data center operations continue smoothly
and minimizing potential losses from downtime [55].

The development of resilient, independent microgrids can further enhance data center energy
autonomy and grid support capabilities. Microgrids offer a highly resilient, efficient, and
sustainable energy supply solution for data centers [58]. These localized energy systems can
function autonomously in "island mode" during main grid outages or disturbances, or they can
seamlessly connect to the larger grid to provide or receive power as needed [58]. By
integrating a combination of backup generators, battery storage, and renewable energy
sources, microgrids ensure that data centers remain operational even in the face of significant
grid instability or natural disasters [58]. They also enable data centers to manage their energy
costs more effectively through demand response strategies, energy arbitrage, and by
potentially selling excess power back to wholesale or local retail energy markets during peak
demand periods, thereby generating additional revenue [58]. Microsoft's partnership with
Enchanted Rock for RNG-fueled microgrids exemplifies this model, allowing their San Jose data
center to provide generation capacity and grid support to the local utility, demonstrating a dual
benefit of resilience and grid contribution [47].

The integration of BESS and microgrids represents a fundamental shift from data centers
relying on emergency-only backup power (e.g., diesel generators) to becoming active, grid-
interactive participants [41]. BESS, in particular, offers bidirectional capabilities [59] and rapid
response times [60], allowing data centers to actively contribute to grid stability through
services like frequency regulation and voltage support, and to monetize their energy assets
[55]. This transformation from passive insurance to active grid participation is crucial for
enhancing overall grid resilience.

Moreover, microgrids and BESS play a vital role in decoupling data center reliability from the
stability of the main grid. A significant challenge for data centers is their stringent requirement
for incredibly reliable power and instant response times [40], which often conflicts with the
inherent intermittency of renewable energy sources and the vulnerabilities of an aging grid.
Microgrids, especially when coupled with robust energy storage, enable data centers to
operate independently of the main grid during outages or periods of stress [58]. This "power
independence” [56] means that data centers can maintain their high uptime requirements
even when the larger grid experiences disruptions. This decoupling is critical because it
empowers data centers to then offer their flexibility and on-site generation capabilities to the
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grid without risking their core operations. This fosters a symbiotic relationship where data
centers ensure their own reliability while simultaneously providing valuable services to the grid,
effectively transforming a potential liability into a mutual benefit.

C. Waste Heat Recovery and Circular Economy Principles

Hyperscale data centers, while massive energy consumers, also produce a significant quantity
of waste heat as a byproduct of their processor operations [44]. Traditionally viewed as a
drawback requiring extensive cooling, this waste heat is increasingly being recognized as a
valuable resource that can be repurposed and reused, aligning with circular economy
principles.

Innovative approaches to waste heat recovery include cogeneration, also known as combined
heat and power (CHP). In CHP systems, waste heat captured from data center operations is
used to generate additional electricity or provide heating for other processes, significantly
improving overall energy efficiency and maximizing the utility of the energy consumed [61]. A
prominent example of this is seen in Finland, where recaptured waste heat from a data center's
cooling process is successfully redirected into the local district heating system, resulting in
reduced emissions and lower local heating bills [12]. Research indicates the economic
feasibility of waste heat utilization in district heating, particularly in Nordic countries where
there is a high demand for heat [44]. Proposed methods include using air source heat pumps
to recover waste heat for space heating in adjoining buildings, leading to reductions in both
energy consumption and CO2 emissions [44].

Beyond waste heat, the broader adoption of circular economy principles is influencing data
center design, operation, and equipment lifecycle. Green data centers prioritize compact and
efficient designs, utilizing low-emission materials and practices that minimize construction
waste [61]. This includes actively repurposing or recycling physical equipment at the end of its
lifecycle [61]. Microsoft, for instance, is pioneering the construction of data centers using
cross-laminated timber (CLT) to significantly reduce the embodied carbon footprint
associated with traditional steel and concrete construction [64]. They are also investing in low-
carbon concrete technologies that capture and permanently trap carbon dioxide, further
minimizing the environmental impact of building materials [64]. Another example of circularity
is the use of Renewable Natural Gas (RNG) derived from animal waste to fuel backup
generators. This innovative approach transforms waste into environmentally beneficial fuel,
preventing methane emissions into the atmosphere while providing reliable power [47].

Waste heat recovery fundamentally challenges the perception of data centers as mere energy
sinks. By transforming a byproduct (heat) into a valuable resource, this approach moves
beyond simply reducing energy consumption to actively reusing energy, thereby closing the
loop on energy flows. The successful implementation of district heating systems using data
center waste heat, as demonstrated in Finland [12], provides a tangible example of this
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principle in action. This integration allows data centers to become active participants in local
energy ecosystems, contributing to broader community sustainability and resource efficiency.

The focus on embodied carbon and lifecycle thinking represents a more mature eco-centric
approach. Microsoft's initiatives in using timber and low-carbon concrete for construction
[64] highlight a shift beyond solely operational energy efficiency (e.g., PUE). This broader
application of circular economy principles considers the entire lifecycle impact of data centers,
from the sourcing of construction materials to the end-of-life recycling of equipment. This
holistic view of sustainability, encompassing the entire supply chain and infrastructure
lifecycle, is crucial for achieving a truly circular digital economy and minimizing the total
environmental footprint.

By actively providing resources—like heat for district heating—data centers become valuable
partners in the digital grid's mission to optimize energy usage and promote sustainability on a
broader, systemic level.

V. Data Centers as Flexible Grid Resources:
Mechanisms and Market Participation

The transformation of hyperscale data centers into flexible grid resources is realized through
their active participation in various energy markets, leveraging their inherent operational
flexibility.

A. Demand Response Programs

Demand Response (DR) programs are a cornerstone of grid flexibility, incentivizing electricity
customers to adjust their power consumption in response to grid conditions or pricing signals
[36]. Data centers, with their substantial and often flexible loads, are increasingly valuable
participants in these programs.

The primary mechanisms for data center participation in DR include load curtailment and load
shifting, both leveraging temporal and spatial flexibility. Load curtailment, or load shedding,
involves data centers temporarily reducing their electricity draw from the grid, often by
switching to on-site generators [59]. This capability can unlock significant latent power from
existing grid infrastructure. Research from Duke University suggests that curtailing large loads
for as little as 0.5% of their annual uptime (equivalent to just a few hours each year) could make
nearly 100 gigawatts (GW) of new load available nationally without expanding generation [40].
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Load shifting involves rescheduling non-essential or delay-tolerant tasks to off-peak hours
when energy prices are typically lower or when renewable energy generation is abundant [59].
This strategy helps flatten net demand curves, reducing peak loads and supporting the
integration of intermittent renewable energy sources [68]. Beyond temporal shifts, data
centers can also leverage

spatial flexibility, moving delay-tolerant workloads across geographically dispersed facilities
to regions with more available or cheaper power, or where clean energy is more abundant [41].
Google, for instance, is piloting carbon-intelligent computing platforms designed to shift tasks
in response to forecasted grid stress events or high renewable energy availability [41].

A key enabler for data center grid responsiveness is the specific flexibility of Al/ML workloads.
Unlike traditional web applications that demand constant, real-time attention, Al training and
inference workloads are "surprisingly flexible" and can be paused or load-balanced to a much
greater degree [40]. This is because many Al tasks, such as model training or batch inference,
are less time-sensitive and can tolerate brief interruptions [41]. Al training, for example, can be
halted and resumed using "checkpoints," similar to saving a document, allowing it to pause
during planned downtime or be redirected to another data center [40]. Large Language Model
(LLM) inference, while computationally intensive, is less sensitive to network latency, enabling
load balancing across continents without compromising user experience [40]. Agentic Al,
which performs multi-step tasks over tens of minutes, further enhances this flexibility [40].
This inherent flexibility allows Al companies to temporarily reduce demand during peak grid
periods or route computational work to wherever grid capacity is most available [40].

Several hyperscale data centers have demonstrated successful participation in demand
response programs. Google is actively deploying demand response technology across its data
centers to automatically shift Al and ML workloads during peak electricity periods [36].
Through partnerships with utilities like Indiana Michigan Power, Tennessee Valley Authority,
and Omaha Public Power District, Google has validated its ability to reduce ML power demand
during grid stress events without disrupting operations [36]. This approach also aligns Al
growth with Google's ambitious 24/7 carbon-free energy goal by scheduling compute tasks to
coincide with peak renewable energy output [36].

Microsoft has engaged in a partnership with Enchanted Rock for RNG-fueled microgrids,
enabling their San Jose data center to provide grid support and generation capacity to the
local utility, generating revenue in the process [47]. Furthermore,

Emerald Al conducted a field demonstration using a software-only approach (Emerald
Conductor) that transformed a 256-GPU cluster in a commercial hyperscale data center into a
flexible grid resource, achieving a 25% power reduction during peak grid events while
maintaining Quality of Service (QoS). This was accomplished by dynamically scheduling jobs
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and modifying resource allocations based on real-time grid signals, without hardware
modifications or energy storage [7].

The inherent flexibility of Al workloads fundamentally challenges the traditional perception of
data centers as "inflexible loads" [41]. The ability to pause, shift, and geographically balance
Al training and inference tasks [40] allows data centers to act as "shock absorbers" for the
grid [40]. This represents a profound shift: instead of being a continuous, unyielding drain,
data centers can actively respond to grid stress. This flexibility enables utilities to utilize existing
infrastructure more efficiently and defer costly upgrades [40], leading to benefits for all
ratepayers.

Participation in demand response programs creates a mutually beneficial, or "win-win,"
scenario for both data centers and the grid. For data centers, it offers potential revenue from
providing grid services, reduced energy bills by avoiding high peak prices [55], and potentially
faster grid interconnection [41]. For utilities, it translates to enhanced grid reliability, deferred
investments in new infrastructure, and improved integration of intermittent renewable energy
sources [41]. Simulation results from smart grid interactions have shown that such
collaborative schemes can lead to a 12% improvement in load balancing for the grid and a
significant 46% reduction in energy costs for data centers on average [69]. This powerful
economic and operational incentive fosters deeper collaboration between data centers and
grid operators, leading to a more resilient and efficient energy ecosystem.

B. Participation in Energy Markets

Beyond direct demand response, data centers can actively engage in wholesale energy
markets, providing valuable services that enhance grid stability and create new revenue
streams.

Energy arbitrage is a key strategy for data centers with energy storage capabilities. This
involves purchasing (storing) energy when wholesale electricity prices are low and selling
(discharging) that stored energy when prices are high, thereby capitalizing on price
fluctuations [70]. Battery Energy Storage Systems (BESS) are particularly well-suited for
energy arbitrage operations [57], allowing data centers to charge their batteries during off-
peak, low-cost periods and discharge them during peak, high-price periods. This not only
reduces the data center's overall energy costs but also creates additional revenue streams
from market participation [55]. This strategy is most effective in deregulated electricity
markets that offer real-time price discovery and automated execution capabilities [57].

Data centers can also provide critical ancillary services to enhance grid stability. Ancillary
services are essential for ensuring the proper and reliable operation of the power grid by
maintaining system frequency, voltage, and overall power load within specified limits [72].
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These services are increasingly vital as more intermittent renewable generation sources are
integrated into the grid [73].

e Frequency Regulation: Data centers are exceptionally well-suited to offer frequency
regulation services due to their large energy capacities and their ability to quickly
modulate power consumption through granular job scheduling and server-level power
management [39]. They can leverage computational flexibility, such as Dynamic Voltage
Frequency Scaling (DVFS) and the strategic use of dummy loads, combined with
synergistic control of IT and cooling systems, to precisely track regulation signals from the
electrical market [39]. This participation can result in significant cost reductions for data
centers and even generate net profits [39].

e Operating Reserves (e.g., Short Term Operating Reserve - STOR): Data centers can
provide reserve capacity to the grid by rapidly reducing their load or switching to on-site
generation within minutes of notification from the grid operator [59]. In return, they
receive payments for being available to stabilize the grid during critical periods of
unexpected supply-demand imbalances [75]. Facilities with 24/7 operations and stable,
predictable load profiles are ideal candidates for such programs [75].

Furthermore, data centers can engage in wholesale capacity markets to provide firm power
commitments. Capacity markets compensate power suppliers for their commitment to meet
future electricity needs, rather than for the actual energy produced [76]. The primary goal of
these markets is to ensure sufficient electricity is available to meet future demand at the lowest
achievable price, thereby enhancing grid reliability [76]. Demand response participants,
including data centers, can offer to reduce their demand (in megawatts) during peak times in
capacity auctions. If their bids are accepted, they are compensated for their readiness to
curtail energy use, which helps balance the grid without requiring the construction of additional
power plants [76]. Participation in these markets requires strict availability and performance
commitments, with penalties for non-compliance [76].

The concept of a "Virtual Power Plant" (VPP) is particularly relevant for data centers. A VPP
aggregates diverse distributed energy resources (DERs), such as solar panels, battery storage
systems, and flexible loads, to function as a single, coordinated entity that can provide grid
services and participate in energy markets [77]. Data centers, with their flexible loads, on-site
generation capabilities, and energy storage, are ideal candidates for VPP participation [81].
Companies like Enel X, for example, link large power consumers including data centers with
other DERs to form VPPs, enabling them to provide valuable grid services and generate revenue
from their existing infrastructure [82]. This effectively transforms individual data centers into
a collective, dispatchable resource for the grid, capable of providing capacity and flexibility
similar to traditional power plants.

The various market participation mechanisms—energy arbitrage, ancillary services, and
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capacity markets—collectively represent avenues for data centers to monetize their
operational flexibility. Instead of merely incurring energy costs, they can actively generate
revenue [55]. This creates a direct financial incentive for data centers to invest further in
intelligent operations and flexible assets. The profitability of these services is influenced by
market volatility and saturation [70], highlighting the dynamic nature of these opportunities.
The evolution of energy markets to recognize and compensate for demand-side flexibility is
therefore crucial for driving data center participation and accelerating their transformation into
valuable grid assets.

Table 2: Data Center Participation in Grid Services Markets: Mechanisms, Benefits, and

Examples
Grid How Data Benefits for | Benefits for | Examples/ Relevant
Service Centers Data the Grid Case Snippet IDs
Type Participate Centers Studies
Demand Load Cost Grid Google [7]
Response Curtailment | Savings Stability, (shifting ML
(switch to (avoid peak | Peak workloads
on-site prices), Reduction, with OPPD,
gen); Load Revenue Deferred &M, TVA),
Shifting Generation, | Infrastructu | Microsoft
(non- Faster re (RNG
urgent Interconne Upgrades, microgrid
tasks to ction Renewable for grid
off-peak); Integration support),
Spatial Emerald Al
Flexibility (software-
(workload only power
migration) reduction)
Energy BESS Cost Improved General [55]
Arbitrage charging Savings, Grid BESS
during low- | Revenue Utilization, strategies
price Generation Renewable
periods; Integration
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C. Grid Orchestration and Regulatory Enablement

The full realization of data centers as flexible grid resources necessitates sophisticated grid
orchestration and an adaptive regulatory environment.

Advanced grid orchestration platforms are critical for coordinating distributed energy
resources (DERs) and data center flexibility across the grid. Grid orchestration refers to the
proactive dispatching of local resources, including industrial loads like data centers, to manage
distribution network capacity and optimize the use of existing grid infrastructure [86].
Platforms such as Camus's work in concert with existing utility software systems to deliver
data-driven, real-time grid management, integrating data from customers, devices, and third-
party sources [86]. These platforms combine grid awareness, forecasting capabilities, DER
control mechanisms, and planning insights to effectively manage millions of DERs, including
those aggregated by third parties [86]. This sophisticated coordination enables the creation
of smarter, utility-operated Virtual Power Plants (VPPs) by providing intelligent, grid-friendly
dispatch instructions [86].

Interoperability standards and communication protocols are paramount for seamless grid
integration. Interoperability, defined as the ability of products or systems to cooperate by
sharing resources, is crucial for improving grid stability and maximizing demand flexibility [87].
Standards like OpenADR facilitate demand response signaling and communication between
grid operators, DERs, and aggregators [88]. IEC 61850 is an international standard for
communication networks and systems in substations, enabling complex control and protection
functionalities within the energy infrastructure [88]. The NIST Smart Grid Interoperability
Standards Framework aims to enhance grid interoperability and facilitate the use of the
distribution grid as an enabling platform for modern energy services [90]. As grid complexity
increases, developing new communication protocols or extending existing ones (e.g., IEC
61850) may become necessary to meet the bandwidth and speed requirements for selective
control in highly dynamic power systems [87].

The transformation also hinges on the evolution of regulatory frameworks, policy
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incentives, and collaborative stakeholder engagement. Current regulatory models often
pose significant challenges, making it difficult for utilities to recover costs directly from large-
load customers like data centers based on marginal cost, which can lead to "stranded asset
risks" if demand forecasts are not met [13]. New tariffs are being developed in some regions,
such as Ohio and Georgia, requiring data centers to commit to minimum anticipated energy
use or cover associated upstream generation and transmission costs [10].

Key policy developments are emerging to address these challenges:

e FERC Order No. 2222: This landmark order from the Federal Energy Regulatory
Commission facilitates the participation of Distributed Energy Resources (DERSs) in
regional electricity markets through aggregations, allowing even small DERs to bundle
their output for market participation and revenue generation [92]. This creates new
opportunities for data centers to engage in wholesale markets.

e Clean Transition Tariffs (CTTs): These are emerging as innovative mechanisms to
structure utility-corporation partnerships, ensuring stable investment in clean power while
maintaining grid reliability and energy affordability [48]. Google's CTT in Nevada, for
example, secures 24/7 clean energy from a geothermal plant, reducing reliability concerns
and aligning with sustainability goals [10].

e Regulatory Sandboxes: These offer a controlled environment for testing innovative,
data-driven technologies and business models, providing clarity on regulatory boundaries
and guidance for compliance [93].

Ultimately, managing the rapid growth of data centers and integrating their flexibility requires
deep collaboration among data center operators, utility companies, and policymakers [52].
Initiatives like EPRI's DCFlex bring together hyperscalers, data center developers, utilities, and
grid operators to identify and demonstrate strategies for flexible operations and streamlined
grid integration [6]. This collaborative approach is essential for developing integrated solutions
that balance the needs of all parties and accelerate the transition to a more resilient and
sustainable energy system.

The digitalization of the grid is a fundamental prerequisite for data centers to become truly
flexible grid resources. This requires a "smart" and "digitalized" grid [12], equipped with
advanced grid orchestration platforms that can process real-time data from millions of DERs
[86]. Furthermore, robust interoperability standards and communication protocols are
essential to enable seamless data exchange and control signals between data centers and grid
operators [87]. Without this foundational digital infrastructure, the immense potential for data
center flexibility remains largely untapped. Therefore, the transformation of data centers into
grid assets is intrinsically linked to and interdependent with the broader modernization and
digitalization of the electricity grid itself.

Policy and regulatory innovation serve as the crucial unlocking mechanism for this
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transformation. The existing regulatory landscape, characterized by challenges such as
stranded asset risks [13] and complex cost allocation for transmission [13], was not designed
for the dynamic, flexible loads that modern data centers represent. However, emerging policy
tools like FERC Order 2222 [92] and Clean Transition Tariffs [48] are vital for creating the
necessary market signals and incentives that enable data centers to participate as active grid
resources. These policy innovations are indispensable for bridging the gap between
technological capabilities and market realities, ensuring fair cost allocation, and promoting
essential investments in flexible energy solutions. Proactive and adaptive regulatory
frameworks are thus critical to establish the market conditions and incentives required for data
centers to fully realize their potential as flexible grid assets, thereby balancing economic
growth with grid reliability and decarbonization goals.

VI. Benefits and Challenges of the Transformation

The transformation of hyperscale data centers from grid liabilities into flexible resources offers
a multifaceted array of benefits across economic, environmental, and grid reliability
dimensions, while also presenting a distinct set of challenges that require strategic navigation.

A. Economic Benefits

The economic advantages of this transformation are substantial for all stakeholders. Data
centers can significantly reduce their operational costs through enhanced energy efficiency
measures, such as Google's Al-driven cooling systems that have cut energy costs by up to
40% [21], as well as through strategic peak shaving and energy arbitrage facilitated by
Battery Energy Storage Systems (BESS) [55]. Beyond cost reduction, active participation in
demand response programs, ancillary services, and capacity markets can generate
significant new revenue streams for data centers, turning a major operational expense into a
profit center [41]. For utilities and ratepayers, data center flexibility offers the compelling
benefit of deferred grid infrastructure investments. By providing demand-side flexibility, data
centers can reduce the burden on the grid, potentially avoiding or delaying the need for
costly upgrades to transmission and distribution infrastructure and the construction of new
generation capacity [10]. This ultimately benefits all ratepayers by lowering overall system
costs and improving the utilization of existing power infrastructure [40].

B. Environmental Benefits

The environmental gains from this transformation are critical for global sustainability efforts.
Increased energy efficiency within data centers, coupled with the integration of renewable
energy sources and reduced reliance on fossil fuel peaking plants during periods of grid stress,
directly contributes to lower carbon emissions [36]. The innovative reuse of waste heat, such
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as redirecting it to district heating systems, further contributes to emissions reductions [12].
Furthermore, flexible data center loads play a pivotal role in increasing renewable energy
integration. By helping to balance the inherent intermittency of sources like wind and solar,
they make the grid more receptive to higher penetrations of clean energy, thereby accelerating
the transition to a decarbonized energy system [40]. The broader adoption of circular
economy principles in data center design and operation, including the use of low-carbon
building materials and equipment recycling, enhances overall sustainability by minimizing the
environmental footprint across the entire lifecycle [61].

C. Grid Resilience and Reliability

The transformation profoundly enhances grid resilience and reliability. Data centers providing
demand response, frequency regulation, and operating reserves actively contribute to
balancing electricity supply and demand, thereby improving grid stability and preventing
overloads or blackouts [54]. The deployment of on-site generation, such as BESS, microgrids,
or dispatchable clean power sources like SMRs, provides robust backup power capabilities,
ensuring operational continuity for critical data center services even during grid disturbances
or outages [54]. Moreover, flexible data centers may be able to connect to the grid more
quickly, addressing current interconnection bottlenecks and accelerating the deployment of
essential digital infrastructure [38].

D. Overcoming Challenges

Despite the compelling benefits, several challenges must be addressed for this transformation
to reach its full potential. Regulatory hurdles represent a significant barrier, as complex and
often outdated frameworks struggle to accommodate flexible loads or enable direct cost
recovery from large customers based on marginal use. [13]

Technical integration complexities are also substantial, requiring seamless data exchange,
control, and interoperability between diverse IT and OT systems within data centers and with
external grid operators [23].

Data sharing concerns necessitate the establishment of robust trust frameworks and
protocols for secure, real-time data exchange between utilities and data centers [96].

The significant capital investment requirements for advanced intelligent assets, energy
storage, microgrids, and renewable energy infrastructure pose a financial hurdle that must be
overcome through innovative financing models [11].

Finally, navigating the workload-reliability trade-offs is crucial; while data centers demand
extremely high uptime (e.g., 99.995% for Tier 4 facilities) [40], the flexibility required for
demand response must be managed carefully. However, the inherent flexibility of Al workloads
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is demonstrating that this trade-off is less severe than previously assumed, as many Al tasks
can tolerate interruptions without compromising critical services [38].

The benefits of transforming data centers are not isolated; they are deeply interconnected,
creating a powerful, reinforcing cycle. Economic advantages, such as cost savings and new
revenue streams, directly incentivize environmental improvements like decarbonization and
increased renewable energy integration, which in turn bolster grid reliability and resilience. For
instance, the monetization of flexibility through market participation drives investment in BESS,
which simultaneously enhances grid stability and enables greater integration of intermittent
renewables. This synergistic relationship means that each benefit reinforces the others,
making the transformation a holistic value proposition rather than a series of disparate
initiatives. Policymakers and data center operators should therefore view these benefits
synergistically, as a combined approach yields greater returns and accelerates the transition
to a sustainable digital economy.

A critical challenge lies in the "chicken and egg" dilemma of grid modernization: data center
flexibility depends on a smart grid, yet grid modernization is often slow and capital-intensive.
However, the benefits derived from data center flexibility, such as deferred grid upgrades and
increased utilization of existing assets, can actually fund or justify the necessary grid
modernization efforts [40]. This dynamic suggests that proactive investment in data center
flexibility can serve as a catalyst for broader grid upgrades, rather than simply waiting for them
to occur. The financial incentives for utilities to avoid costly new build-outs can be a powerful
lever in this process. Therefore, collaborative investment models and innovative regulatory
approaches are essential to break this cycle, allowing data centers to actively drive, rather than
merely respond to, the necessary evolution of the electricity grid.

VIl. Recommendations for Key Stakeholders for
Digital Grid—Data Center Interoperability

Enable interoperability between hyperscale data centers and the digital grid through policy,
investment, and utility collaboration:

Policy Recommendations for Governments and Regulatory Bodies to
Foster Grid-Interactive Data Centers

Governments and regulatory bodies must establish a supportive framework that incentivizes
and enables data centers to become active grid participants. This includes:

e Develop and Implement Flexible Regulatory Frameworks: Introduce and expand
mechanisms such as Clean Transition Tariffs (CTTs) and leverage existing mandates like
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FERC Order 2222. These frameworks should explicitly incentivize data center participation
in energy markets and provide fair compensation for the grid services they offer, including
demand response, ancillary services, and capacity contributions [10].

Streamline Permitting Processes: Accelerate the approval and construction timelines
for new clean energy generation and associated transmission infrastructure. This is crucial
to align grid development with the rapid pace of data center expansion and address
current interconnection bottlenecks [2].

Establish Clear Interoperability Standards and Communication Protocols: Mandate
and promote the adoption of standardized protocols (e.g., OpenADR, IEC 61850, NIST
Smart Grid Interoperability Framework) to ensure seamless, real-time data exchange and
control signaling between data centers and grid operators [87].

Promote Grid Data Sharing Frameworks: Encourage the implementation of structured
data sharing frameworks, such as the NARUC Grid Data Sharing Framework, to enhance
transparency, facilitate collaborative planning, and enable data-driven grid management
[96].

Offer Targeted Incentives: Provide tax incentives, grants, and other financial
mechanisms that specifically encourage data center investment in on-site renewable
energy generation, advanced energy storage systems (BESS), and waste heat recovery
solutions [97].

Recommendations for Data Center Operators to Embrace Intelligent
Operations and Eco-Centric Models

Data center operators must proactively invest in technological and operational shifts to unlock
their full potential as flexible grid resources. Key strategies include:

Invest in Advanced AI/ML-Driven Energy Management Systems: Deploy
sophisticated AI/ML platforms for real-time optimization of IT workloads, cooling systems,
and overall power distribution. This enables dynamic adjustments to minimize energy
consumption without compromising performance [18].

Adopt Software-Defined Data Center (SDDC) Architectures: Transition to SDDC
models to enhance operational agility, automate resource allocation, and enable
programmatic, dynamic power management across compute, storage, and networking
layers [27].

Prioritize Strategic Energy Procurement: Engage in long-term Power Purchase
Agreements (PPAs) for dispatchable clean energy sources, such as Small Modular
Reactors (SMRs) and geothermal power. Explore opportunities for co-location with
generation facilities to secure dedicated, reliable, and sustainable power supplies [10].
Deploy Battery Energy Storage Systems (BESS) and Microgrids: Implement robust
BESS and microgrid solutions to enhance operational resilience, enable peak shaving,
facilitate energy arbitrage, and actively participate in ancillary services markets [55].
Implement Waste Heat Recovery and Circular Economy Principles: Integrate systems
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for repurposing waste heat for district heating or other industrial processes and adopt
broader circular economy principles in data center design, construction (e.g., low-carbon
materials), and equipment lifecycle management to minimize environmental footprint [44].

Collaborative Recommendations for Utilities and Energy Providers to
Partner with Data Centers

Utilities and energy providers are central to integrating data center flexibility into the broader
energy system and should pursue collaborative strategies:

Engage in Proactive, Long-term Resource Planning: Establish early and continuous
engagement with hyperscale data centers to accurately forecast their future energy
needs and integrate their planned load growth and flexibility into long-term grid
development plans [38].

Develop Innovative Tariff Structures and Contractual Agreements: Create flexible
and transparent tariff structures that allow data centers to directly finance necessary grid
upgrades and provide minimum capacity commitments. This helps mitigate financial risks
for utilities and ensures fair cost allocation [9].

Collaborate on Pilot Projects and Demonstrations: Actively participate in and support
initiatives like EPRI's DCFlex, which bring together industry stakeholders to test and
validate data center flexibility solutions in real-world grid scenarios [6].

Explore "Energy-as-a-Service" (EaaS) Models: Consider partnering with third-party
providers who own and operate microgrids and energy storage solutions on behalf of data
centers. This can help mitigate financial and regulatory risks for data center owners while
ensuring reliable, flexible power supply [58].

Collaborate on Interoperability Principles: Actively engage with organizations such as the
GridWise Architecture Council (GWAC) to adopt its foundational principles and architectural
concepts. This collaboration will help utilities and data centers identify critical paths for the
effective evolution of the grid, ensuring systems are interoperable, sustainable, reliable,
resilient, and extensible.

Leverage Grid Orchestration Platforms (or Grid Digital Business Technology
Platforms): Implement and utilize advanced grid orchestration platforms to effectively
integrate and manage data center flexibility as part of a broader portfolio of distributed
energy resources, optimizing grid operations in real-time [86].
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VIIl. Conclusion

The escalating electricity demand from hyperscale data centers, particularly driven by the
exponential growth of Al workloads, presents an immediate challenge to existing power grids
and a critical consideration for the design of future ones. This demand manifests as localized
strain, infrastructure bottlenecks, and increased reliance on carbon-intensive energy
sources, solidifying data centers’ current status as grid liabilities. However, this article has
demonstrated that this challenge also presents a profound opportunity for a fundamental
transformation, one enabled by the emergence of the digital grid. Through the strategic
adoption of intelligent operations and eco-centric business models, which constitute the
framework of the digital grid, data centers can shift from being passive burdens to becoming
flexible, valuable grid assets.

Intelligent operations, powered by intelligent assets, software-defined data center (SDDC)
architectures, and machine learning models, enable unprecedented levels of internal energy
efficiency and operational flexibility. Concurrently, by adopting eco-centric business
practices—characterized by strategic procurement of diverse renewable energy sources
(including SMRs and geothermal), robust energy storage systems, resilient microgrids, and
innovative waste heat recovery—data centers can integrate more seamlessly into the digital
grid and the broader sustainable energy ecosystem. These approaches not only reduce
environmental impact but also create new avenues for revenue generation and enhanced
energy independence.

The true transformative potential of data centers is unlocked through their active
participation in energy markets. By engaging in demand response programs, offering ancillary
services like frequency regulation, and contributing to capacity markets, data centers can
provide critical grid support and monetize their operational flexibility. This symbiotic
relationship is further facilitated by advanced grid orchestration platforms and the
development of adaptive regulatory frameworks that incentivize such participation and
ensure fair cost allocation.

The path forward is not without its complexities, including technical integration challenges,
the need for secure data sharing, and substantial capital investments. However, the mutual
benefits—economic advantages through cost savings and new revenue streams, significant
environmental gains through decarbonization and increased renewable integration, and
enhanced grid resilience and reliability—make this transformation an imperative for the 21st
century. A collaborative ecosystem, where data center operators, utilities, and policymakers
work in concert, is essential to navigate these challenges. By embracing these integrated
strategies, the rapid growth of the digital economy can not only continue unhindered but can
also actively contribute to building a more resilient, sustainable, and decarbonized energy
future for all.

30



Alaa Mahjoub is an independent Digital Business Advisor and Operational Technology SME
with decades of experience in electric utilities, petroleum, transportation, and defense.
His expertise extends across governmental and private sector organizations in the EMEA,
Far East, and the United States. Over his career, Alaa has actively contributed to Industrial
Automation and Control Systems (IACS), Digital Business Transformation, Enterprise
Architecture (EA), Data and Analytics (D&A), as well as Command, Control,
Communications, Computers, and Intelligence (C4l). He has spearheaded critical
initiatives in these areas at TRANSCO, ADCO, DoT, Injazat Data Systems, and the Egyptian
and Kuwaiti Ministries of Defense. Alaa holds B.Sc. and M.Sc. degrees in Computer
Engineering from the Military Technical College (MTC) and Cairo University, respectively.
He has authored, lectured, and reviewed numerous research papers for the IEEE, Cigre,
the Arab Union of Electricity, and the SPE. His current research focuses on Cyber-Physical
Systems in the energy and utilities domain.

Thank you for reading my posts at Linkedin, Energy Central, Data Management
University, and my YouTube Channel.| regularly write about digital business, data
management, and technology trends. To read my future posts, join my LinkedIln network.

Works cited

1.

Data Center Energy Consumption & Power Sources - BLOG - Enconney,,
https://blog.enconnex.com/data-center-energy-consumption-and-power-
sources

Optimizing Data Center Energy Demand for an Efficient U.S. Electric Grid | Article
| EESI, https://www.eesi.org/articles/view/wired-for-resilience-optimizing-data-
center-energy-demand-for-an-efficient-u.s-electric-grid

US data center electricity demand could double by 2030, driven by artificial
intelligence: EPRI | Utility Dive, https://www.utilitydive.com/news/artificial-
intelligence-doubles-data-center-demand-2030-EPRI/717467/

What the data centre and Al boom could mean for the energy sector — Analysis -
[EAhttps://www.iea.org/commentaries/what-the-data-centre-and-ai-boom-
could-mean-for-the-energy-sector

Data Center Energy Needs Could Upend Power Grids and Threaten the Climate |
Article, https://www.eesi.org/articles/view/data-center-energy-needs-are-
upending-power-grids-and-threatening-the-climate

Boon or bane: What will data centers do to the grid? - Canary Media,
https://www.canarymedia.com/boon-or-bane-what-will-data-centers-do-to-

31


https://www.linkedin.com/in/alaa-mahjoub/
https://www.linkedin.com/in/alaa-mahjoub/detail/recent-activity/posts/
https://www.energycentral.com/member/haeoigTw4U
https://www.ewsolutions.com/?s=alaa+mahjoub
https://www.ewsolutions.com/?s=alaa+mahjoub
https://www.youtube.com/channel/UC4FEpOL95BRM3IfRwQgIs_g?app=desktop
https://www.linkedin.com/in/alaa-mahjoub/
https://blog.enconnex.com/data-center-energy-consumption-and-power-sources
https://blog.enconnex.com/data-center-energy-consumption-and-power-sources
https://www.eesi.org/articles/view/wired-for-resilience-optimizing-data-center-energy-demand-for-an-efficient-u.s-electric-grid
https://www.eesi.org/articles/view/wired-for-resilience-optimizing-data-center-energy-demand-for-an-efficient-u.s-electric-grid
https://www.utilitydive.com/news/artificial-intelligence-doubles-data-center-demand-2030-EPRI/717467/
https://www.utilitydive.com/news/artificial-intelligence-doubles-data-center-demand-2030-EPRI/717467/
https://www.iea.org/commentaries/what-the-data-centre-and-ai-boom-could-mean-for-the-energy-sector
https://www.iea.org/commentaries/what-the-data-centre-and-ai-boom-could-mean-for-the-energy-sector
https://www.eesi.org/articles/view/data-center-energy-needs-are-upending-power-grids-and-threatening-the-climate
https://www.eesi.org/articles/view/data-center-energy-needs-are-upending-power-grids-and-threatening-the-climate
https://www.canarymedia.com/boon-or-bane-what-will-data-centers-do-to-the-grid

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

the-grid

arxiv.org, https://arxiv.org/htm|/2507.00909v1

Grids for data centres: ambitious grid planning can win Europe's Al race - Ember,
https://ember-energy.org/app/uploads/2025/06/Grids-for-data-centres-in-
Europe.pdf

Data centers can drive revenues for Dominion, Pinnacle West, Southern, but
there are risks: Moody's | Utility Dive, https://www.utilitydive.com/news/data-
centers-can-drive-revenues-for-dominion-pinnacle-west-southern-
Moodys/722084/

The Hype on Hyperscalers: Data Centers and Growing Electricity Demand,
https://www.resources.org/common-resources/the-hype-on-hyperscalers-data-
centers-and-growing-electricity-demand/

The data center balance: How US states can navigate the opportunities and
challenges, https://www.mckinsey.com/industries/public-sector/our-
insights/the-data-center-balance-how-us-states-can-navigate-the-
opportunities-and-challenges

Data centers, Al, and the grid: Why flexibility must come first | Hitachi ...,
https://www.hitachienergy.com/br/pt/news-and-
events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility -
must-come-first

How data centres challenge the electricity regulatory model | World ...,
https://www.weforum.org/stories/2025/07/how-data-centres-challenge-the-
electricity-regulatory-model/

Unlocking Al Potential with Data Center Flexibility - Energy Central,
https://www.energycentral.com/intelligent-utility/post/unlocking-ai-potential-
with-data-center-flexibility-PtPoXIAuRMzs5Ff

DOE Releases New Report Evaluating Increase in Electricity Demand from Data
Centers, https://www.energy.gov/articles/doe-releases-new-report-evaluating-
increase-electricity-demand-data-centers

What Is an Intelligent PDU? - Sunbird DCIM,
https://www.sunbirddcim.com/glossary/intelligent-pdu

Why Choose an Intelligent PDU - Raritan, https://www.raritan.com/why-
intelligent-pdu

Al to match cooling to IT load | Data Centers,
https://xcelerator.siemens.com/global/en/industries/data-centers/use-
cases/use-ai-to-optimize-cooling-infrastructure.html

Cooling & Thermal Optimization for Data Centers - Siemens,
https://www.siemens.com/us/en/industries/data-centers/cooling.html

Datacenter power and energy management: past, present, and future -
Microsoft, https://www.microsoft.com/en-us/research/wp-
content/uploads/2024/11/DC-power-and-energy-management-FINAL.pdf

Digital Twin Solutions for Data Centers: Simulation, System Design ...,
https://medium.com/@gwrx2005/digital-twin-solutions-for-data-centers-

32


https://www.canarymedia.com/boon-or-bane-what-will-data-centers-do-to-the-grid
https://arxiv.org/html/2507.00909v1
https://ember-energy.org/app/uploads/2025/06/Grids-for-data-centres-in-Europe.pdf
https://ember-energy.org/app/uploads/2025/06/Grids-for-data-centres-in-Europe.pdf
https://www.utilitydive.com/news/data-centers-can-drive-revenues-for-dominion-pinnacle-west-southern-Moodys/722084/
https://www.utilitydive.com/news/data-centers-can-drive-revenues-for-dominion-pinnacle-west-southern-Moodys/722084/
https://www.utilitydive.com/news/data-centers-can-drive-revenues-for-dominion-pinnacle-west-southern-Moodys/722084/
https://www.resources.org/common-resources/the-hype-on-hyperscalers-data-centers-and-growing-electricity-demand/
https://www.resources.org/common-resources/the-hype-on-hyperscalers-data-centers-and-growing-electricity-demand/
https://www.mckinsey.com/industries/public-sector/our-insights/the-data-center-balance-how-us-states-can-navigate-the-opportunities-and-challenges
https://www.mckinsey.com/industries/public-sector/our-insights/the-data-center-balance-how-us-states-can-navigate-the-opportunities-and-challenges
https://www.mckinsey.com/industries/public-sector/our-insights/the-data-center-balance-how-us-states-can-navigate-the-opportunities-and-challenges
https://www.hitachienergy.com/br/pt/news-and-events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility-must-come-first
https://www.hitachienergy.com/br/pt/news-and-events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility-must-come-first
https://www.hitachienergy.com/br/pt/news-and-events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility-must-come-first
https://www.weforum.org/stories/2025/07/how-data-centres-challenge-the-electricity-regulatory-model/
https://www.weforum.org/stories/2025/07/how-data-centres-challenge-the-electricity-regulatory-model/
https://www.energycentral.com/intelligent-utility/post/unlocking-ai-potential-with-data-center-flexibility-PtPoXIAuRMzs5Ff
https://www.energycentral.com/intelligent-utility/post/unlocking-ai-potential-with-data-center-flexibility-PtPoXIAuRMzs5Ff
https://www.energy.gov/articles/doe-releases-new-report-evaluating-increase-electricity-demand-data-centers
https://www.energy.gov/articles/doe-releases-new-report-evaluating-increase-electricity-demand-data-centers
https://www.sunbirddcim.com/glossary/intelligent-pdu
https://www.raritan.com/why-intelligent-pdu
https://www.raritan.com/why-intelligent-pdu
https://xcelerator.siemens.com/global/en/industries/data-centers/use-cases/use-ai-to-optimize-cooling-infrastructure.html
https://xcelerator.siemens.com/global/en/industries/data-centers/use-cases/use-ai-to-optimize-cooling-infrastructure.html
https://www.siemens.com/us/en/industries/data-centers/cooling.html
https://www.microsoft.com/en-us/research/wp-content/uploads/2024/11/DC-power-and-energy-management-FINAL.pdf
https://www.microsoft.com/en-us/research/wp-content/uploads/2024/11/DC-power-and-energy-management-FINAL.pdf
https://medium.com/@gwrx2005/digital-twin-solutions-for-data-centers-simulation-system-design-and-thermal-control-dffe2d1798ad

simulation-system-design-and-thermal-control-dffe2d1798ad

22. Al for Sustainable Data Centers | KAIZEN™ Article - Kaizen Institute,
https://kaizen.com/insights/energy-efficiency-sustainable-data-centers/

23. What Is IT/OT Convergence? - Palo Alto Networks,
https://www.paloaltonetworks.com/cyberpedia/what-is-it-ot-convergence

24. Managed IT-OT Infrastructure - Siemens,
https://www.siemens.com/global/en/company/fairs-events/webinars/managed-
it-ot-infrastructure.html

25. Digital Twins for Data Centers - IEEE Computer Society,
https://www.computer.org/csdl/magazine/co/2024/10/10687340/20tjf5G50eA

26. What is Data Center Infrastructure? Key Components & Types - Atlas Systems,
https://www.atlassystems.com/blog/data-center-infrastructure

27. What is a software-defined data center (SDDC)? - Red Hat,
https://www.redhat.com/en/topics/automation/what-is-a-sddc

28. What Is a Software-Defined Data Center? - IBM,
https://www.ibm.com/think/topics/software-defined-data-center

29. Software-defined networking - Wikipedia,
https://en.wikipedia.org/wiki/Software-defined networking

30. Energy Optimization for Software-Defined Data Center Networks Based on Flow
Allocation Strategies - MDPI, https://www.mdpi.com/2079-9292/8/9/1014

31. Innovations in Data Center Power: Software-Defined Power and Energy
Optimization, https://uptimeinstitute.com/data-center-software-defined-
power-and-energy-optimization

32. Virtualize Servers | ENERGY STAR,
https://www.energystar.gov/products/data center equipment/5-simple-ways-
avoid-energy-waste-your-data-center/virtualize-servers

33. Energy Efficiency in Data Centers: Virtualization Benefits - Serverion,
https://www.serverion.com/uncategorized/energy-efficiency-in-data-centers-
virtualization-benefits/

34. Optimise energy use for the data centre through enhanced measurement and
management - IBM,
https://public.dhe.ibm.com/software/uk/itsolutions/optimiseit/new-enterprise-
data-centre/optimising-energy-use-for-the-data-centre.pdf

35. Role of Al and ML in Optimizing Data Centre Energy Use, https://netzero-
events.com/the-role-of-ai-and-machine-learning-in-optimizing-data-centre-
energy-use/

36. Google's Data Centre Solution to Al & Sustainability Demands - Al Magazine,
https://aimagazine.com/news/how-google-is-aligning-ai-demand-with-clean-
energy-grids

37. How Google is Making Data Centre Smarter for Al — and the Power Grid -
Medium, https://medium.com/@Synbit.7/how-google-is-making-data-centre-
smarter-for-ai-and-the-power-grid-dOcéé6e14aedé

38. How we're making data centers more flexible to benefit power grids - Google

33


https://medium.com/@gwrx2005/digital-twin-solutions-for-data-centers-simulation-system-design-and-thermal-control-dffe2d1798ad
https://kaizen.com/insights/energy-efficiency-sustainable-data-centers/
https://www.paloaltonetworks.com/cyberpedia/what-is-it-ot-convergence
https://www.siemens.com/global/en/company/fairs-events/webinars/managed-it-ot-infrastructure.html
https://www.siemens.com/global/en/company/fairs-events/webinars/managed-it-ot-infrastructure.html
https://www.computer.org/csdl/magazine/co/2024/10/10687340/20tjf5G5oeA
https://www.atlassystems.com/blog/data-center-infrastructure
https://www.redhat.com/en/topics/automation/what-is-a-sddc
https://www.ibm.com/think/topics/software-defined-data-center
https://en.wikipedia.org/wiki/Software-defined_networking
https://www.mdpi.com/2079-9292/8/9/1014
https://uptimeinstitute.com/data-center-software-defined-power-and-energy-optimization
https://uptimeinstitute.com/data-center-software-defined-power-and-energy-optimization
https://www.energystar.gov/products/data_center_equipment/5-simple-ways-avoid-energy-waste-your-data-center/virtualize-servers
https://www.energystar.gov/products/data_center_equipment/5-simple-ways-avoid-energy-waste-your-data-center/virtualize-servers
https://www.serverion.com/uncategorized/energy-efficiency-in-data-centers-virtualization-benefits/
https://www.serverion.com/uncategorized/energy-efficiency-in-data-centers-virtualization-benefits/
https://public.dhe.ibm.com/software/uk/itsolutions/optimiseit/new-enterprise-data-centre/optimising-energy-use-for-the-data-centre.pdf
https://public.dhe.ibm.com/software/uk/itsolutions/optimiseit/new-enterprise-data-centre/optimising-energy-use-for-the-data-centre.pdf
https://netzero-events.com/the-role-of-ai-and-machine-learning-in-optimizing-data-centre-energy-use/
https://netzero-events.com/the-role-of-ai-and-machine-learning-in-optimizing-data-centre-energy-use/
https://netzero-events.com/the-role-of-ai-and-machine-learning-in-optimizing-data-centre-energy-use/
https://aimagazine.com/news/how-google-is-aligning-ai-demand-with-clean-energy-grids
https://aimagazine.com/news/how-google-is-aligning-ai-demand-with-clean-energy-grids
https://medium.com/@Synbit.7/how-google-is-making-data-centre-smarter-for-ai-and-the-power-grid-d0c66e14aed6
https://medium.com/@Synbit.7/how-google-is-making-data-centre-smarter-for-ai-and-the-power-grid-d0c66e14aed6

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Blog, https://blog.google/inside-google/infrastructure/how-were-making-data-
centers-more-flexible-to-benefit-power-grids/

Frequency regulation service provision in data center with ...,
https://www.researchgate.net/publication/333558551 Frequency regulation ser
vice provision in data center with computational flexibility

Bridging the Gap: How Smart Demand Management Can Forestall the Al Energy
Crisis | Goldman Sachs, https://www.goldmansachs.com/what-we-do/goldman-
sachs-global-institute/articles/smart-demand-management-can-forestall-the-
ai-energy-crisis

Fast, Flexible Solutions for Data Centers - RMI, https://rmi.org/fast-flexible-
solutions-for-data-centers/

How a Data Center Company Uses Stranded Renewable Energy - Inside Climate
News, https://insideclimatenews.org/news/19062025/inside-clean-energy-
stranded-renewable-data-centers/

Recent Developments at the Intersection of Data Centers and Energy |
GreeneHurlocker, https://greenehurlocker.com/recent-developments-at-the-
intersection-of-data-centers-and-energy/

Data Centers as Prosumers in Urban Energy Systems - ResearchGate,
https://www.researchgate.net/publication/370794210 Data Centers as Prosum
ers in Urban Energy Systems

Equinix plugs into alternative energy to power Al data center growth ...,
https://digitalinfranetwork.com/news/equinix-plugs-into-alternative-energy-to-
power-ai-data-center-growth/

Equinix Collaborates with Leading Alternative Energy Providers to Power Al-
Ready Data Center Growth, https://www.equinix.com/newsroom/press-
releases/2025/08/equinix-collaborates-with-leading-alternative-energy-
providers-to-power-ai-ready-data-center-growth

Microsoft: Leading Multinational Tech Company & Services - Enchanted Rock,
https://enchantedrock.com/microsoft-is-a-multinational-technology-company-
producing-software-electronics-pcs-and-related-services-like-data-centers/
Seeking solutions to data center energy challenges,
https://www.mncee.org/seeking-solutions-data-center-energy-challenges
Power Purchase Agreement (PPA) - Stream Data Centers,
https://www.streamdatacenters.com/resource-library/glossary/power-
purchase-agreement-ppa/

Power Purchase Agreements (PPAs) and Energy Purchase Agreements (EPAs)
Public Private Partnership - World Bank PPP,
https://ppp.worldbank.org/sector/energy/energy-power-agreements/power-
purchase-agreements

Power Purchase and Interconnection Agreements for Data Centers,
https://www.pillsburylaw.com/en/news-and-insights/power-purchase-
interconnection-agreements-data-centers.html

How data centers can navigate the looming power crunch - Schneider Electric

34


https://blog.google/inside-google/infrastructure/how-were-making-data-centers-more-flexible-to-benefit-power-grids/
https://blog.google/inside-google/infrastructure/how-were-making-data-centers-more-flexible-to-benefit-power-grids/
https://www.researchgate.net/publication/333558551_Frequency_regulation_service_provision_in_data_center_with_computational_flexibility
https://www.researchgate.net/publication/333558551_Frequency_regulation_service_provision_in_data_center_with_computational_flexibility
https://www.goldmansachs.com/what-we-do/goldman-sachs-global-institute/articles/smart-demand-management-can-forestall-the-ai-energy-crisis
https://www.goldmansachs.com/what-we-do/goldman-sachs-global-institute/articles/smart-demand-management-can-forestall-the-ai-energy-crisis
https://www.goldmansachs.com/what-we-do/goldman-sachs-global-institute/articles/smart-demand-management-can-forestall-the-ai-energy-crisis
https://rmi.org/fast-flexible-solutions-for-data-centers/
https://rmi.org/fast-flexible-solutions-for-data-centers/
https://insideclimatenews.org/news/19062025/inside-clean-energy-stranded-renewable-data-centers/
https://insideclimatenews.org/news/19062025/inside-clean-energy-stranded-renewable-data-centers/
https://greenehurlocker.com/recent-developments-at-the-intersection-of-data-centers-and-energy/
https://greenehurlocker.com/recent-developments-at-the-intersection-of-data-centers-and-energy/
https://www.researchgate.net/publication/370794210_Data_Centers_as_Prosumers_in_Urban_Energy_Systems
https://www.researchgate.net/publication/370794210_Data_Centers_as_Prosumers_in_Urban_Energy_Systems
https://digitalinfranetwork.com/news/equinix-plugs-into-alternative-energy-to-power-ai-data-center-growth/
https://digitalinfranetwork.com/news/equinix-plugs-into-alternative-energy-to-power-ai-data-center-growth/
https://www.equinix.com/newsroom/press-releases/2025/08/equinix-collaborates-with-leading-alternative-energy-providers-to-power-ai-ready-data-center-growth
https://www.equinix.com/newsroom/press-releases/2025/08/equinix-collaborates-with-leading-alternative-energy-providers-to-power-ai-ready-data-center-growth
https://www.equinix.com/newsroom/press-releases/2025/08/equinix-collaborates-with-leading-alternative-energy-providers-to-power-ai-ready-data-center-growth
https://enchantedrock.com/microsoft-is-a-multinational-technology-company-producing-software-electronics-pcs-and-related-services-like-data-centers/
https://enchantedrock.com/microsoft-is-a-multinational-technology-company-producing-software-electronics-pcs-and-related-services-like-data-centers/
https://www.mncee.org/seeking-solutions-data-center-energy-challenges
https://www.streamdatacenters.com/resource-library/glossary/power-purchase-agreement-ppa/
https://www.streamdatacenters.com/resource-library/glossary/power-purchase-agreement-ppa/
https://ppp.worldbank.org/sector/energy/energy-power-agreements/power-purchase-agreements
https://ppp.worldbank.org/sector/energy/energy-power-agreements/power-purchase-agreements
https://www.pillsburylaw.com/en/news-and-insights/power-purchase-interconnection-agreements-data-centers.html
https://www.pillsburylaw.com/en/news-and-insights/power-purchase-interconnection-agreements-data-centers.html

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

7

o

Blog, https://blog.se.com/datacenter/2025/01/16/how-data-centers-can-
navigate-the-looming-power-crunch/

Datacenter demand drives financial resurgence for independent power
producers, https://www.spglobal.com/market-intelligence/en/news-
insights/articles/2024/4/datacenter-demand-drives-financial-resurgence-for-
independent-power-producers-80994683

Managing Data Center Growth in Power Grid Operations, https://www.primate-
tech.com/resources/managing-data-center-growth-in-power-grid-operations
What is C&I BESS? - Kamada Power, https://www.kmdpower.com/news/what-is-
ci-bess/

Data Center Solutions - Flexgen, https://www.flexgen.com/solutions/data-
center-solutions

Energy Arbitrage Analysis for Market-Selection of a Battery Energy Storage
System-Based Venture - MDPI, https://www.mdpi.com/1996-1073/18/16/4245
The future of data center electricity use and microgrids - Reason Foundation,
https://reason.org/commentary/the-future-of-data-center-electricity-use-and-
microgrids/

Data Center Demand Response | EYP MCF | USA,
https://www.eypmcfinc.com/data-center-demand-response

Data center frequency regulation control | Download Scientific Diagram -
ResearchGate, https://www.researchgate.net/figure/Data-center-frequency-
regulation-control figl 343471574

What Is a Green Data Center? - IBM, https://www.ibm.com/think/topics/green-
data-center

GEECO: Green Data Centers for Energy Optimization and Carbon Footprint
Reduction, https://www.mdpi.com/2071-1050/15/21/15249

Data centers, Al, and the grid: Why flexibility must come first | Hitachi Energy,
https://www.hitachienergy.com/news-and-events/perspectives/2025/06/data-
centers-ai-and-the-grid-why-flexibility-must-come-first

Microsoft builds first datacenters with wood to slash carbon emissions - Source,
https://news.microsoft.com/source/features/sustainability/microsoft-builds-first-
datacenters-with-wood-to-slash-carbon-emissions/

Demand Response | Building Technology and Urban Systems,
https://buildings.lbl.gov/demand-response

One Weird Trick to Build New Data Centers Without Breaking the Grid - Heatmap
News, https://heatmap.news/energy/ai-flexible-loads

Understanding Data Center Energy Spot Trading, https://www.datacenter-
asia.com/blog/understanding-data-center-energy-spot-trading/

Flexible Data Centers and the Grid: Lower Costs, Higher Emissions? | NBER,
https://www.nber.org/papers/w34065

Exploring Smart Grid and Data Center Interactions for Electric Power ...,
http://www.sigmetrics.org/greenmetrics/2013/papers/longpaper F.pdf

. Charging Up: The State of Utility-Scale Electricity Storage in the United States,

35


https://blog.se.com/datacenter/2025/01/16/how-data-centers-can-navigate-the-looming-power-crunch/
https://blog.se.com/datacenter/2025/01/16/how-data-centers-can-navigate-the-looming-power-crunch/
https://www.spglobal.com/market-intelligence/en/news-insights/articles/2024/4/datacenter-demand-drives-financial-resurgence-for-independent-power-producers-80994683
https://www.spglobal.com/market-intelligence/en/news-insights/articles/2024/4/datacenter-demand-drives-financial-resurgence-for-independent-power-producers-80994683
https://www.spglobal.com/market-intelligence/en/news-insights/articles/2024/4/datacenter-demand-drives-financial-resurgence-for-independent-power-producers-80994683
https://www.primate-tech.com/resources/managing-data-center-growth-in-power-grid-operations
https://www.primate-tech.com/resources/managing-data-center-growth-in-power-grid-operations
https://www.kmdpower.com/news/what-is-ci-bess/
https://www.kmdpower.com/news/what-is-ci-bess/
https://www.flexgen.com/solutions/data-center-solutions
https://www.flexgen.com/solutions/data-center-solutions
https://www.mdpi.com/1996-1073/18/16/4245
https://reason.org/commentary/the-future-of-data-center-electricity-use-and-microgrids/
https://reason.org/commentary/the-future-of-data-center-electricity-use-and-microgrids/
https://www.eypmcfinc.com/data-center-demand-response
https://www.researchgate.net/figure/Data-center-frequency-regulation-control_fig1_343471574
https://www.researchgate.net/figure/Data-center-frequency-regulation-control_fig1_343471574
https://www.ibm.com/think/topics/green-data-center
https://www.ibm.com/think/topics/green-data-center
https://www.mdpi.com/2071-1050/15/21/15249
https://www.hitachienergy.com/news-and-events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility-must-come-first
https://www.hitachienergy.com/news-and-events/perspectives/2025/06/data-centers-ai-and-the-grid-why-flexibility-must-come-first
https://news.microsoft.com/source/features/sustainability/microsoft-builds-first-datacenters-with-wood-to-slash-carbon-emissions/
https://news.microsoft.com/source/features/sustainability/microsoft-builds-first-datacenters-with-wood-to-slash-carbon-emissions/
https://buildings.lbl.gov/demand-response
https://heatmap.news/energy/ai-flexible-loads
https://www.datacenter-asia.com/blog/understanding-data-center-energy-spot-trading/
https://www.datacenter-asia.com/blog/understanding-data-center-energy-spot-trading/
https://www.nber.org/papers/w34065
http://www.sigmetrics.org/greenmetrics/2013/papers/longpaper_F.pdf

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

https://www.rff.org/publications/reports/charging-up-the-state-of-utility-scale-
electricity-storage-in-the-united-states/

Estimating the Maximum Potential Revenue for Grid Connected Electricity
Storage: Arbitrage and Regulation | Sandia National Laboratories,
https://www.sandia.gov/app/uploads/sites/256/2024/02/Estimating-the-
Maximum-Potential-Revenue-for-Grid-Connected-Electricity-Storage-
Arbitrage-and-Regulation.pdf

Stabilizing the grid with ancillary services - Next Kraftwerke, https://www.next-
kraftwerke.com/knowledge/ancillary-services

Ascend Analytics on the Future of Ancillary Services in ERCOT,
https://www.ascendanalytics.com/blog/ascend-analytics-on-the-future-of-
ancillary-services-in-ercot

Site-Wide HPC Data Center Demand Response - Boston University,
https://www.bu.edu/peaclab/files/2022/09/HPEC22 Site Wide Demand Respons
e.pdf

MISO Operating Reserves Market - Enel North America,
https://www.enelnorthamerica.com/content/dam/enel-
na/resources/flyers/pdf/MISO-Operating-Reserves-FAQ Flyer MISO.pdf
Understanding Wholesale Capacity Markets | Federal Energy ...,
https://www.ferc.gov/understanding-wholesale-capacity-markets

What Is a Virtual Power Plant? | PowerFlex,
https://www.powerflex.com/downloads/what-is-a-virtual-power-plant

Virtual Power Plant: The Power of Many - Next Kraftwerke, https://www.next-
kraftwerke.com/vpp

Virtual Power Plants/Aggregators - ETPA, https://www.etpa.nl/knowledge-
base/players/virtual-power-plants

What is a virtual power plant (VPP) - gridX,
https://www.gridx.ai’lknowledge/what-is-a-virtual-power-plant-vpp
Multidirectional flows of power and information are the grid's future ...,
https://www.utilitydive.com/news/its-not-a-grid-its-a-system-tools-and-
mindsets-to-optimize-electric-power-delivery/753893/

How data centers support the power grid with ancillary services ...,
https://www.enelx.com/tw/en/resources/how-data-centers-support-grids
Assessments of Data Centers for Provision of Frequency Regulation -
ResearchGate,

https://www.researchgate.net/publication/346413482 Assessments of Data Ce
nters for Provision of Frequency Regulation

HPC Data Center Participation in Demand Response: an Adaptive Policy with QoS
Assurance - PMC, https://pmc.ncbi.nlm.nih.gov/articles/PMC10284567/
Breaking barriers to Data Center Growth | BCG - Boston Consulting Group,
https://www.bcg.com/publications/2025/breaking-barriers-data-center-growth
What is Grid Orchestration? - Camus Energy,
https://www.camus.energy/gridorchestration

36


https://www.rff.org/publications/reports/charging-up-the-state-of-utility-scale-electricity-storage-in-the-united-states/
https://www.rff.org/publications/reports/charging-up-the-state-of-utility-scale-electricity-storage-in-the-united-states/
https://www.sandia.gov/app/uploads/sites/256/2024/02/Estimating-the-Maximum-Potential-Revenue-for-Grid-Connected-Electricity-Storage-Arbitrage-and-Regulation.pdf
https://www.sandia.gov/app/uploads/sites/256/2024/02/Estimating-the-Maximum-Potential-Revenue-for-Grid-Connected-Electricity-Storage-Arbitrage-and-Regulation.pdf
https://www.sandia.gov/app/uploads/sites/256/2024/02/Estimating-the-Maximum-Potential-Revenue-for-Grid-Connected-Electricity-Storage-Arbitrage-and-Regulation.pdf
https://www.next-kraftwerke.com/knowledge/ancillary-services
https://www.next-kraftwerke.com/knowledge/ancillary-services
https://www.ascendanalytics.com/blog/ascend-analytics-on-the-future-of-ancillary-services-in-ercot
https://www.ascendanalytics.com/blog/ascend-analytics-on-the-future-of-ancillary-services-in-ercot
https://www.bu.edu/peaclab/files/2022/09/HPEC22_Site_Wide_Demand_Response.pdf
https://www.bu.edu/peaclab/files/2022/09/HPEC22_Site_Wide_Demand_Response.pdf
https://www.enelnorthamerica.com/content/dam/enel-na/resources/flyers/pdf/MISO-Operating-Reserves-FAQ_Flyer_MISO.pdf
https://www.enelnorthamerica.com/content/dam/enel-na/resources/flyers/pdf/MISO-Operating-Reserves-FAQ_Flyer_MISO.pdf
https://www.ferc.gov/understanding-wholesale-capacity-markets
https://www.powerflex.com/downloads/what-is-a-virtual-power-plant
https://www.next-kraftwerke.com/vpp
https://www.next-kraftwerke.com/vpp
https://www.etpa.nl/knowledge-base/players/virtual-power-plants
https://www.etpa.nl/knowledge-base/players/virtual-power-plants
https://www.gridx.ai/knowledge/what-is-a-virtual-power-plant-vpp
https://www.utilitydive.com/news/its-not-a-grid-its-a-system-tools-and-mindsets-to-optimize-electric-power-delivery/753893/
https://www.utilitydive.com/news/its-not-a-grid-its-a-system-tools-and-mindsets-to-optimize-electric-power-delivery/753893/
https://www.enelx.com/tw/en/resources/how-data-centers-support-grids
https://www.researchgate.net/publication/346413482_Assessments_of_Data_Centers_for_Provision_of_Frequency_Regulation
https://www.researchgate.net/publication/346413482_Assessments_of_Data_Centers_for_Provision_of_Frequency_Regulation
https://pmc.ncbi.nlm.nih.gov/articles/PMC10284567/
https://www.bcg.com/publications/2025/breaking-barriers-data-center-growth
https://www.camus.energy/gridorchestration

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Interoperability - entso-e,
https://www.entsoe.eu/technopedia/techsheets/interoperability/

Grid Communication Protocols — Term - Energy — Sustainability Directory,
https://energy.sustainability-directory.com/term/grid-communication-protocols/
Communications Protocols for Grid-EV Integration - QualityLogic,
https://www.qualitylogic.com/knowledge-center/communications-protocols-
for-grid-ev-integration/

Smart Grid Group | NIST, https://www.nist.gov/ctl/smart-connected-systems-
division/smart-grid-group

Smart Grid Interoperability Standards - The ANSI Blog,
https://blog.ansi.org/ansi/smart-grid-interoperability-standards/

FERC Order No. 2222 Explainer: Facilitating Participation in Electricity Markets by
Distributed Energy Resources [i], https://www.ferc.gov/ferc-order-no-2222-
explainer-facilitating-participation-electricity-markets-distributed-energy
Data Regulatory Sandbox - Singapore - IMDA, https://www.imda.gov.sg/how-
we-can-help/data-innovation/data-regulatory-sandbox

EPRI's Data Center Flexibility and Grid Reliability Initiative Expands to Europe,
https://europe.epri.com/press-releases/epris-data-center-flexibility-and-grid-
reliability-initiative-expands-europe

Smart Grid Technology: Enhancing Data Center Power Efficiency - Electronic
Power Design, https://www.electronicpowerdesign.com/industries/data-
centers/smart-grids-impact-on-data-centers/

Grid Data Sharing - NARUC, https://www.naruc.org/core-sectors/energy-
resources-and-the-environment/der-integration-compensation/grid-data-
sharing/

Data Center Investment Tax Exemptions and Credits - Incentives - lllinois
Department of Commerce,
https://dceo.illinois.gov/expandrelocate/incentives/datacenters.html

Based on: Gartner Inc., Intelligent Operations: Checkpoints, Lloyd Jones, VP Analyst
Energy & Utilities at Gartner, https://www.linkedin.com/pulse/intelligent-operations-
checkpoints-lloyd-jones/

37


https://www.entsoe.eu/technopedia/techsheets/interoperability/
https://energy.sustainability-directory.com/term/grid-communication-protocols/
https://www.qualitylogic.com/knowledge-center/communications-protocols-for-grid-ev-integration/
https://www.qualitylogic.com/knowledge-center/communications-protocols-for-grid-ev-integration/
https://www.nist.gov/ctl/smart-connected-systems-division/smart-grid-group
https://www.nist.gov/ctl/smart-connected-systems-division/smart-grid-group
https://blog.ansi.org/ansi/smart-grid-interoperability-standards/
https://www.ferc.gov/ferc-order-no-2222-explainer-facilitating-participation-electricity-markets-distributed-energy
https://www.ferc.gov/ferc-order-no-2222-explainer-facilitating-participation-electricity-markets-distributed-energy
https://www.imda.gov.sg/how-we-can-help/data-innovation/data-regulatory-sandbox
https://www.imda.gov.sg/how-we-can-help/data-innovation/data-regulatory-sandbox
https://europe.epri.com/press-releases/epris-data-center-flexibility-and-grid-reliability-initiative-expands-europe
https://europe.epri.com/press-releases/epris-data-center-flexibility-and-grid-reliability-initiative-expands-europe
https://www.electronicpowerdesign.com/industries/data-centers/smart-grids-impact-on-data-centers/
https://www.electronicpowerdesign.com/industries/data-centers/smart-grids-impact-on-data-centers/
https://www.naruc.org/core-sectors/energy-resources-and-the-environment/der-integration-compensation/grid-data-sharing/
https://www.naruc.org/core-sectors/energy-resources-and-the-environment/der-integration-compensation/grid-data-sharing/
https://www.naruc.org/core-sectors/energy-resources-and-the-environment/der-integration-compensation/grid-data-sharing/
https://dceo.illinois.gov/expandrelocate/incentives/datacenters.html
https://www.linkedin.com/pulse/intelligent-operations-checkpoints-lloyd-jones/
https://www.linkedin.com/pulse/intelligent-operations-checkpoints-lloyd-jones/

