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Executive Summary

Data centers are entering a new phase of energy constraint. In conventional data centers, loads are relatively
stable, and energy storage is typically used for transfer support, backup coverage, and localized stabilization. In
new-generation data centers, especially Al computing centers, loads fluctuate continuously with training, infer-
ence, and cluster scheduling. As a result, project developers are no longer focused solely on continuity of power
supply. Their attention is increasingly directed toward load management, coordination with grid-side boundaries,
and operating stability during future expansion.

This shift is directly redefining the role of energy storage. In current discussions around data centers, the key
question is no longer whether storage can provide short-duration backup, but whether it can regulate power
across extended operating periods. Repeated transitions between load peaks and troughs require greater buffer-
ing capacity within the facility and clearer power boundaries at the grid interface. Long-duration energy storage
has therefore moved into the core configuration discussion for data centers. Its value lies not simply in extending
discharge time, but in bringing sustained load fluctuations into an operational framework of constraint and
regulation.

Against this backdrop, vanadium flow batteries deserve separate consideration because their operating character-
istics align closely with the typical duty profile of Al computing centers. These projects are not defined by a small
number of extreme events, but by long-term, high-frequency, bidirectional regulation requirements. Loads fluctu-
ate continuously. The storage system must switch frequently between charge and discharge, remain stable under
partial state of charge, and accommodate operating constraints on both the discharge and recharge sides. Under
such conditions, vanadium flow batteries can provide sustained and stable regulation while serving as a buffer
layer between the data center and the grid.

For data center projects, these operating characteristics directly affect operating organization, grid interconnec-
tion coordination, and long-term management. They can strengthen on-site load management, impose clearer
limits on external power behavior, and establish more transparent boundaries in grid-connection and compliance
discussions. For projects where high load frequently overlaps with peak-demand periods, long-duration energy
storage can also relieve pressure during critical operating windows and provide a more stable foundation for
long-term operation, maintenance, and asset management. The discussion of energy storage has already moved
beyond equipment selection to the broader question of energy capability development for data centers.

The judgment of this white paper is clear. First, data center demand for energy storage is shifting from short-dura-
tion support toward long-duration regulation. Second, Al computing centers are entering this phase earlier and
more distinctly than conventional data centers. Third, among long-duration energy storage options, vanadium
flow batteries should be assessed with higher priority for Al computing centers, not only because they match
longer operating windows, but also because their operating structure is better aligned with sustained, high-fre-
quency load regulation and frequent bidirectional adjustment under continuous operation. Conventional data
centers can also adopt this approach when there is a clearly defined need for long-duration storage, but for Al
computing centers, both the necessity and the priority of such a configuration are higher.

This condensed white paper focuses on the future direction of energy capability planning for data centers rather
than the selling points of any single product. As computing demand continues to grow, those best able to
manage sustained load fluctuations will be in a stronger position to maintain stability across grid interconnection,
operation, cost, and expansion. That is where the significance of vanadium flow batteries lies: they do not repre-
sent an isolated equipment choice, but an energy capability that can be integrated into the long-term operating

framework of new-generation data centers.
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Why Data Center Energy Storage Requirements Are Changing

In the past, discussions of energy storage in data centers were usually centered on power supply continuity.
Energy storage was understood within the framework of backup systems and localized support, with its
primary role being to cover instantaneous power gaps during switching events, short-term abnormal fluctua-
tions, and localized operational disturbances. Under this model, energy storage functioned more as a supple-
ment to the existing power supply and distribution system, and the focus was typically on whether the
support duration was sufficient, whether switching could be completed smoothly, and whether reliable
backup could be provided within a defined fault boundary.

The reason conventional data centers followed this approach for so long was that their load profile was
relatively stable. Although conventional data centers also experience fluctuations, their overall power
consumption is generally more predictable and easier to plan, and the on-site system mainly needs to deal
with load changes within a limited operating window. Al computing centers have changed that premise.
Training, inference, task switching, and cluster scheduling continuously alter the power demand of servers,
cooling systems, and supporting infrastructure. The load curve is no longer characterized by occasional spikes,
but by repeated and pronounced fluctuations throughout operation. In other words, their load profile is
defined by the continuous alternation of peaks and troughs driven by computing demand, rather than by a
steady high load or a small number of short-lived peaks.

Recent public industry discussions have begun to make this change more concrete. In materials presented
during the NERC Large Loads Task Force workshop, Al training loads were described as showing both
second-scale variation and millisecond-scale step changes, with commonly cited characteristics including
0.1-1 Hz slower fluctuations, 5-30 Hz faster fluctuations, and, in some reported cases, power swings reach-
ing a very large share of peak demand. The same discussion also referenced public remarks from xAl and
Google indicating sub-second power swings in the tens of megawatts, and cited an xAl cluster at a scale of
roughly 200,000 GPUs and about 250 MW. This does not mean that every Al computing center behaves in
exactly the same way, but it does reinforce a broader point: for a growing share of new-generation data
centers, load volatility is no longer a marginal operating issue. It is becoming part of the normal operating
profile that the energy system must be prepared to absorb and manage.

Power Consumption Profiles: Traditional Data Center vs. Al Data Center
Al data centers exhibit much larger and more frequent power fluctuations across multiple time scales.
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Why Data Center Energy Storage Requirements Are Changing

This change in the load curve has directly raised the bar for the regulating capability of the energy system. In
the past, the energy system was mainly expected to provide backup support. Under highly volatile load
conditions, it must also perform an active regulating function. Once load fluctuation becomes a normal
operating condition, the power supply and distribution system is no longer just a static boundary to keep
services online. It begins to directly affect the operating rhythm of the business, the available dispatching
margin within the facility, and the management of system boundaries. For Al computing centers in particular,
the energy system is no longer simply supporting infrastructure for IT loads. It has become a core component
that affects both operating quality and future expansion capability.

These load changes are also being transmitted to the grid side. For the grid, the pressure comes not only from
the total electricity consumption of the data center, but also from how that large load behaves. When fluctua-
tions become more frequent and more pronounced, and the site lacks sufficient buffering capacity, the data
center’s power demand is passed more directly upstream, increasing pressure on dispatching, operational
stability, and capacity planning. The boundary of the energy issue is therefore moving outward: what begins
as an internal operating constraint is gradually becoming a constraint on coordination between the site and
the grid. A data center is no longer merely a large power-consuming facility. It is increasingly becoming a
high-volatility load that must be identified and managed on its own terms.

This is especially evident in Al computing centers. Their load variation is not the result of isolated abnormal
events, but a normal part of day-to-day operation. As long as computing demand continues to change, load
peaks and troughs will continue to emerge. The pressure faced by the project therefore no longer comes from
a single episode of unusually high load, but from repeated fluctuations throughout sustained operation. If
the site does not have the means to absorb and manage this variability, the fluctuations will directly amplify
instability on the grid side and intensify constraints on grid connection, operation, and future expansion.
Another change comes from the overlap of critical periods. Data centers are already highly energy-intensive
infrastructure. When their high-load periods coincide with regional peak demand, the strain on the local grid
rises significantly. In this case, the issue is not just the size of the load itself, but when the load is expressed,
at what pace, and in what form. For the project, this affects the grid-connection boundary, operating
windows, and expansion planning. For the grid, it means dealing not simply with a large static user, but with
a high-load, high-volatility customer.

For this reason, the change in data center energy storage requirements is driven not by energy storage
technology itself, but by changes in both the load characteristics of data centers and the surrounding grid
environment. In the conventional data center phase, energy storage was mainly used to address localized
issues. In new-generation data centers, and especially in Al computing centers, it is beginning to take on a
more complex role: serving internal load management on the one hand, and managing external power
behavior on the other; supporting operational stability on the one hand, and helping the project preserve
expansion capability under tighter grid constraints on the other.

Seen from this perspective, the current focus of discussion in the data center sector has shifted to the choice
of energy storage type. It is on this basis that the question becomes unavoidable: can short-duration energy
storage still fully address the issues data centers now face? That is the next subject that must be examined on
its own.
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Why Vanadium Flow Batteries Are Better Suited to These Requirements

Once data centers move into the stage of evaluating long-duration energy storage, the key question becomes
whether a given technology route can match actual operating conditions. In new-generation data centers,
especially Al computing centers, the storage system is not dealing with a small number of extreme discharge
events, but with frequent power fluctuations during sustained operation. Whether a technology route is
suitable depends on whether it can withstand high-frequency, bidirectional, cross-period regulation over the
long term and participate reliably in routine operation.

I. It can cover the typical operating profile of Al computing centers

Load variation in Al computing centers typically appears as alternating peaks and troughs during sustained
operation, rather than as isolated spike events. For the storage system, this means the project needs
long-term dispatchability and the ability to keep adjusting across different state-of-charge levels. First, vanadi-
um flow batteries can maintain stable operation under partial state of charge. In data center applications,
storage systems rarely operate for extended periods in an extreme “fully charged—fully discharged” cycle.
More often, they are used to continuously correct on-site load within the mid-range operating window. Under
this mode of operation, vanadium flow batteries can support day-to-day regulation rather than being limited
to intervention at a small number of isolated moments.

Second, this technology route is better able to tolerate frequent charge-discharge switching and high-fre-
quency micro-cycling. In Al computing centers, the rhythm of load change is typically driven directly by task
scheduling and computing dispatch, so power does not change slowly in a single direction, but fluctuates
continuously. This requires the storage system to repeatedly cross the charging and discharging boundary
while maintaining stable performance under frequent switching. If a technology route is sensitive to such
duty conditions, the project is forced either to reduce dispatch frequency or to rely on redundancy to avoid
high-intensity operation. Vanadium flow batteries can continuously absorb peaks and accommodate troughs
over the long term, allowing frequent dispatch to be incorporated into normal operation.

II. It is well suited to serving as a buffer layer between on-site regulation and external constraints
The purpose of deploying long-duration storage in a data center is to prevent on-site fluctuations from being
transmitted directly to the external system, not to increase the frequency of system actions. What the project
ultimately needs to manage is the boundary of overall power behavior, rather than how much electricity is
released at any one moment. To achieve this, the storage system must not only provide support when load
rises, but also absorb troughs when load falls, while maintaining stable regulation throughout the process.
Vanadium flow batteries can serve this buffer-layer role.
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Why Vanadium Flow Batteries Are Better Suited to These Requirements
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Vanadium flow batteries can serve this buffer-layer role. They can participate continuously in bidirectional
regulation over longer periods, allowing the data center to organize its power behavior around objectives
such as constant-power bandwidth, ramp-rate limits, and orderly recharge. Externally, the project needs
relatively stable power draw from the grid; internally, the system must continuously correct fluctuations
caused by IT loads and cooling loads. Vanadium flow batteries can connect these two layers of need, with
their role centered on shaping power behavior rather than merely delivering energy output.

It should be emphasized here that data center requirements for storage do not lie only on the discharge side.
If the system can release energy during peak periods but cannot maintain control during recharge, the
pressure is simply shifted from one period to another. Vanadium flow batteries are easier to coordinate with
strategies such as power-limited recharge and window-based management, making them better suited to
forming a complete discharge-recharge loop. They therefore should not be understood merely as support
equipment for peak periods, but as a regulating resource that spans the full operating window.

Ill. Its safety boundary is better aligned with data center operating conditions

For data centers, a technology route can only enter the evaluation range if its safety boundary is sufficiently
clear. In particular, under conditions of high power density and demanding continuous-operation require-
ments, once a storage system is introduced, it must remain consistent with the existing power distribution
system, electromechanical areas, and on-site management boundaries. Vanadium flow batteries use aqueous
electrolyte and do not present flammability risk in the sense associated with thermal runaway, which makes it
easier to establish a clear boundary in data center applications.

This clarity of boundary is especially important for data centers. Projects generally do not want to change the
safety management logic of core business areas in order to accommodate storage, nor do they want to
introduce a system that can only be deployed through major management adjustments. Vanadium flow
batteries are better suited to deployment as a site-level energy capability in electromechanical areas or
independent units, working in a layered manner with the existing power supply and distribution system. The
point here is not safety language in a general sense, but whether the safety attributes of the technology can
align with the operating conditions of the data center.
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Why Vanadium Flow Batteries Are Better Suited to These Requirements

IV. It can adapt to long-term, high-frequency dispatch requirements

A data center is not a one-time operating scenario. Once storage is incorporated into the system, it must be
able to adapt to long-term, continuous dispatch requirements. For projects such as Al computing centers,
where load fluctuations are pronounced, if the storage system can perform well only under low-frequency
duty conditions but rapidly amplifies maintenance pressure under frequent dispatch, it will be unable to
assume a genuine long-term regulating role. Vanadium flow batteries are better suited to deep cycling, partial
state-of-charge operation, and frequent switching, and can therefore cover long-term, high-frequency
dispatch scenarios.

As a result, they can enter the data center energy system as a long-term regulating resource rather than
remaining a temporary supplementary capability. For continuously operating infrastructure, this fit is itself a
necessary condition. What data centers need is not storage that is only occasionally usable, but storage that
can participate in operation over the long term. In this respect, vanadium flow batteries are more closely
aligned with the actual needs of Al computing centers.

V. Its application boundary is also clear

Vanadium flow batteries are not the answer for every data center scenario. They are best suited to a specific
type of project: one with a clearly defined need for multi-hour regulation, pronounced load fluctuation,
operational constraints on both the discharge and recharge sides, and a requirement for storage to partici-
pate in operation over the long term at high frequency. For this category of data center, vanadium flow
batteries have a stronger correspondence with the problem itself.

If the core issue of the project still lies mainly in short-duration support, instantaneous peak shaving,
minute-level compensation, or if site conditions impose extreme requirements on energy density and deploy-
ment space, then other technology routes may remain more direct. Vanadium flow batteries are not intended
as a universal substitute. Their suitability is concentrated in scenarios involving sustained fluctuation manage-
ment, external power behavior constraints, and the development of long-term regulating capability.
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How Vanadium Flow Batteries and Lithium Batteries Differ in Their Application Boundaries

When a data center enters the energy storage selection stage, one of the most common questions is why
lithium batteries are not the first option to be discussed. For management, the right way to judge technology
priority is to return to the project itself: what are the load characteristics, what is the storage task, what
system constraints apply, and what investment objective is being pursued? Vanadium flow batteries and
lithium batteries are not in a simple substitution relationship. Each corresponds to a different problem struc-
ture. A more reliable approach is to define the problem first and then select the technology route accordingly.
I. Different duration requirements and dispatch patterns

The most mature application range for lithium batteries remains concentrated in short-duration scenarios.
Where the task requires fast response and support or compensation over a relatively short period, lithium
batteries can provide a direct solution in a more compact form. In applications such as short-duration peak
shaving, localized compensation, instantaneous support, and configurations with limited duration require-
ments, this route is often easier to justify. The project is addressing a problem within a localized operating
window, and the response characteristics and deployment maturity of lithium batteries align well with that
need.

Vanadium flow batteries correspond to a different problem structure. The issue is not how much power is
missing at a single point in time, but how to manage recurring load fluctuations over a longer period, how to
cover a complete critical operating window, and how to handle operational constraints on both the discharge
and recharge sides. Once the project enters this type of duty profile, duration is no longer just a configuration
parameter; it directly affects the way operation is organized. This is particularly typical for Al computing
centers, where load changes continue to arise with task execution and cluster dispatch, requiring energy
storage to participate in routine regulation over the long term and at high frequency, rather than being called
only within limited time windows.

Duration
A
Week
Hydrogen Energy
Day Pumped Hydro
Storage
Vanadium Flow
Batteries, etc.
Hour
Minute
Second

> Power
1kW 100kW TMW 10MW 100MW 1000MW

This is therefore the first dividing line between the two routes. For short-duration, localized support tasks within
a limited operating window, lithium batteries will usually be assessed first. For sustained multi-hour regulation
and management of the full operating window, vanadium flow batteries should generally be evaluated with
priority.
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How Vanadium Flow Batteries and Lithium Batteries Differ in Their Application Boundaries

Il. Different deployment approaches and system positions

Lithium battery systems are compact and offer high energy density. As a result, they more easily present an
engineering advantage in projects where space is highly constrained, where the system needs to be placed as
close to the load side as possible, or where deployment must be completed within a limited footprint. For
some data centers with extremely tight site boundaries, the first issue is not the regulating logic itself, but
simply where the equipment can be installed. Under such conditions, lithium batteries are more likely to form
a practical engineering solution.

Vanadium flow batteries are better understood as a site-level energy capability rather than a compensation
unit placed immediately next to the load. They correspond to the regulation and management of overall
site-level power behavior and typically serve as a buffer layer in electromechanical areas or independent units.
When a project adopts this route, the focus is not on the location of a single piece of equipment, but on the
energy and power boundary between the data center as a whole and the grid. Put differently, lithium batter-
ies mainly correspond to space-sensitive, localized problems, whereas vanadium flow batteries mainly corre-
spond to site-level, system-wide problems.

Ill. Different system objectives

If the project objective is to solve a power support issue at a specific moment or within a short operating
window, lithium batteries are usually the more targeted option. In such tasks, the priority is single-point
intervention, fast response, and localized compensation. The objective is clear, the boundary is well defined,
and the project only needs to add a certain capability in one limited scenario.

The system objective addressed by vanadium flow batteries is broader and more complete. They usually serve
power behavior management across an entire operating window, covering not only discharge support but
also recharge constraints, load shaping, and external power behavior boundaries. What the project is manag-
ing is not a single peak moment, but the full set of power regulation and constraint behaviors that arise
during continuous operation. For data centers that explicitly require stable external power draw, controlled
pressure during critical periods, and coordinated management of both discharge and recharge, this more
complete system objective becomes more important.

IV. Different investment orientation and asset logic

Different data centers do not view energy storage in the same way. Some projects are more concerned with
short-term investment efficiency and prefer to address immediate issues quickly through a mature, compact,
and clearly defined solution. Others regard energy storage as part of long-term energy capability and focus
on whether it can be incorporated into a long-term framework for operation, maintenance, and asset man-
agement. The former will often place lithium batteries higher in the evaluation sequence, because their
deployment approach is direct, their industry application is mature, and their short-duration value proposition
is relatively clear. The latter should give vanadium flow batteries higher priority, because once storage is
treated as part of long-term infrastructure capability, safety boundaries, long-term dispatch suitability, main-
tenance organization, and lifecycle management all become core considerations.

This should not be simplified into the idea that one route corresponds to the “short term” and the other to
the “long term.” They serve different investment logics. Lithium batteries are more naturally aligned with
projects that prioritize efficiency and localized problem-solving. Vanadium flow batteries are more naturally
aligned with projects that place greater emphasis on long-term capability development and the integrity of
the site-level energy system.
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How Vanadium Flow Batteries and Lithium Batteries Differ in Their Application Boundaries

V. How management should judge priority

For management, priority does not need to be judged by starting from a full set of technical metrics. The
more practical approach is to return directly to the project definition. If the project is primarily dealing with
short-duration peak shaving, instantaneous support, localized compensation, limited duration requirements,
tight space constraints, and a preference for a more compact deployment approach, then lithium batteries
should usually enter the evaluation range first.

If the project is facing multi-hour regulation, sustained and pronounced load fluctuation, critical-period
pressure management, shaping of external power behavior, and a requirement for storage to participate in
operation over the long term, then vanadium flow batteries should generally be placed further forward in the
evaluation sequence. For Al computing centers, this priority is even clearer, because their load profile, grid
relationship, and operating requirements are inherently closer to the problem structure addressed by vanadi-
um flow batteries.

The difference between the two routes therefore fundamentally comes from the type of problem being
addressed. Lithium batteries are better suited to short-duration, compact, localized problems. Vanadium flow
batteries are better suited to long-duration, system-level problems that emphasize sustained regulation and
long-term operation. For data centers, the decision sequence should be to define the problem first and then
determine which technology route should be prioritized for evaluation.

How Management Should Judge Priority

Choose the technology route by starting from the project problem structure, not from a full set of technical metrics.
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What Business Value Vanadium Flow Batteries Can Bring to Data Centers

For data centers, the significance of adopting vanadium flow batteries lies in converting energy storage capabili-
ty into tangible project outcomes, rather than simply adding another long-duration energy storage system. The
preceding sections have already addressed two questions: first, why data centers are now beginning to require
long-duration energy storage; and second, why vanadium flow batteries should be prioritized for evaluation in
these scenarios. This chapter brings the discussion back to the business level: once this storage capability is in
place, what exactly does the project gain? The value should not be viewed only through isolated performance
improvements, but through the broader capability boundaries of operation, grid access, cost management, and
long-term asset stewardship.

I. Load fluctuation becomes something that can be actively managed

The first business value of vanadium flow batteries is that they turn load fluctuation from a passively exposed
operating risk into something that can be managed on an ongoing basis. In Al computing centers, load varia-
tion is not an occasional abnormal event, but part of normal operation. Without a resource capable of partici-
pating in regulation over the long term, these fluctuations directly burden the on-site power supply and distri-
bution system, consume dispatching margin, and intensify operating pressure during high-load periods. With
vanadium flow batteries in place, the data center can continuously correct the way load is expressed during
operation, and the energy system shifts from passive backup to active regulation.

This value is first reflected in the way operations are organized. When fluctuations occur, the project no longer
has to rely solely on the power supply and distribution system to absorb them passively. Instead, it can build a
more orderly regulation logic around energy storage. The fluctuations themselves do not disappear, but their
impact on on-site system boundaries can be compressed into a more controllable range. For management, the
energy system is no longer merely part of the safety boundary; it becomes a foundational capability that
supports the stable operation of high-volatility business loads.

Il. Grid friendliness becomes a demonstrable capability rather than a slogan

For data center projects, grid friendliness is not an abstract statement. It is a question of whether the external
system can identify, constrain, and accept the project’s power behavior. High load in itself is not the core
problem. The real difficulty arises when high load is combined with high volatility and the project cannot clearly
define the boundaries of its power behavior. After adopting vanadium flow batteries, the value is not limited to
reducing a single peak. More importantly, the project can organize highly volatile internal loads into a more
stable and more controllable external power profile.

This produces two business-level outcomes. First, what the project presents externally is no longer only high
energy consumption, but also a degree of self-regulating capability. Second, the relationship between the data
center and the grid is no longer simply one of supply and consumption, but more one of load expression and
boundary management. This directly changes the project’s position in the external system. For data centers with
highly variable loads and tight relationships with local grids, this is particularly important, because it affects
whether the project is seen as a manageable load or merely as a source of high-volatility pressure.

Ill. Grid connection approval and compliance discussions can be framed with clearer boundaries

For many data center projects, the value of energy storage begins to appear during project development rather
than only after commissioning. In new-generation data centers, and especially in Al computing centers, project
developers increasingly need to explain not only the size of the connected load, but also how that load will
behave in operation, how it will be constrained, and how those constraints can be verified. One business value
of vanadium flow batteries is that they help translate these issues into clearly defined boundaries.
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What Business Value Vanadium Flow Batteries Can Bring to Data Centers

More specifically, the project can more readily establish a structured set of commitments around power ramp
rates, discharge windows, recharge boundaries, power quality, and operating behavior, and incorporate them
into grid-connection discussions, access reviews, and subsequent operating agreements. What approval and
access management actually care about is often not the size of the load itself, but whether a high-load project
has a clear boundary, whether that boundary can be verified, and whether it can be constrained over the long
term. The value brought by vanadium flow batteries here is not that they allow the project to bypass review, but
that they enable the project to complete review and communication in a more explainable and verifiable manner.
The same logic also applies in compliance areas such as safety, fire protection, environment, and insurance. If the
project can establish relatively clear operating and safety boundaries, repeated rounds of communication and
repeated technical justification are less likely, and the overall project pace becomes easier to control. For manage-
ment, this certainty is itself business value, because it directly affects execution efficiency and delivery rhythm.

IV. Pressure during critical periods can be reorganized

What truly puts many data centers under pressure is not the full day, but specific critical windows. When high
business-side load overlaps with regional peak demand, the project is no longer facing a simple electricity cost
issue, but a combination of local carrying capacity, operating windows, and external coordination. The business
value of vanadium flow batteries lies in helping the project reorganize how power exposure is presented during
these critical periods.

This means that during critical windows, the data center does not have to pass all of the pressure directly to the
external system in its original form. Instead, it can reorganize load internally through on-site regulation. For the
project, this improves operating performance during high-load periods. For management, it affects larger issues,
including expansion planning, operating-window management, and control over future energy configuration. In
other words, what vanadium flow batteries provide is not a temporary local relief over a short period, but greater
room for action during critical operating windows.

V. Energy cost management shifts from controlling consumption to managing structure

Electricity cost in a data center has never been only a question of total energy consumption. For highly volatile
projects, more important factors are demand charges, time-of-use exposure, and the overall structure of the load
profile. If a project can do nothing but passively accept load fluctuation, cost pressure will continue to accumu-
late across multiple high-load periods. The business value of vanadium flow batteries lies in enabling the project
to organize power consumption by time window and by power structure, rather than merely reducing one
localized high point.

This value may not always appear as an immediate drop in a single isolated metric. More often, it is reflected in a
more predictable billing structure, more manageable cost volatility, and greater strategic flexibility as the project
responds to future changes in pricing mechanisms. For operators, that flexibility points to long-term business
stability rather than a single monthly result.

VI. Operating resilience and continuity are strengthened

For data centers, operating continuity means more than simply “not losing power.” A more practical question
today is whether the project can maintain orderly operation under sustained fluctuation and external uncertainty,
whether it can preserve sufficient dispatching margin during periods of stress, and whether it can recover more
quickly under abnormal conditions. The value that vanadium flow batteries bring here is not limited to adding
another period of backup time. More importantly, they add an additional buffering layer to the project.
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What Business Value Vanadium Flow Batteries Can Bring to Data Centers

For critical services, this buffering capability means stronger operating continuity. For project management, it
means greater recovery resilience. As factors such as high-power-density loads, local grid tension, and
extreme weather become more common, the risks facing projects are no longer limited to isolated fault
events themselves, but increasingly include prolonged supply pressure and more difficult recovery processes.
If energy storage can continue to perform under such conditions, its value will be directly reflected in business
continuity.

VII. Long-term operation and asset management can be structured more clearly

Once energy storage enters the data center system, it is no longer merely a supplementary device for a
particular phase. It gradually becomes part of the project’s long-term infrastructure capability. This means
that management is no longer concerned only with whether the system can operate, but also with service life,
maintenance approach, long-term availability, recovery arrangements, and the clarity of the eventual exit
path. One business value of vanadium flow batteries is that they can be incorporated more readily into a
long-term framework for operation and asset management.

This ultimately appears in two respects. First, the project can establish longer-term service, maintenance, and
update arrangements, rather than suddenly facing concentrated replacement pressure several years later.
Second, the position of storage capability within the project’s long-term financial model becomes clearer, and
the logic for subsequent insurance, financing, and exit arrangements is easier to establish. For a long-life
operating asset such as a data center, this kind of manageability is itself important, because it determines
whether storage is treated as a one-time expenditure or as a foundational capability that can continue to
support project operations over time.

VIII. Low-carbon and sustainability objectives gain a clearer practical basis

For a growing number of data center projects, energy is no longer only a question of power supply; it is also a
sustainability issue. Customers, investors, and the regulatory environment are concerned not only with
whether the project has enough electricity, but also with whether it can organize energy use in a more
sustainable way. The value of storage therefore no longer belongs only inside the technical system, but
extends to the project’s longer-term sustainability positioning.

The value of vanadium flow batteries does not lie in the label of “green technology” itself, but in the fact that
they combine energy-regulation capability with long service life and recyclability, enabling the project to build
a more complete foundation for its sustainability objectives. For data centers that place emphasis on
long-term low-carbon goals and sustainability performance, this capability will gradually influence customer
confidence, project assessment, and long-term capital acceptance. In particular, when the storage system
itself must also be incorporated into a long-term environmental responsibility framework, this full-lifecycle
manageability becomes even more important.

Overall, the value of vanadium flow batteries for data centers cannot be reduced to longer storage duration
or lower electricity charges in a few specific periods. What they really change is the project’s capability
boundary: the data center becomes able to actively manage sustained load fluctuation, establish a clearer
coordination relationship with the grid and approval system, handle pressure during critical periods in a more
organized way, and move into long-term operation and asset management on a more stable footing. For
management, energy storage is no longer just a technical configuration, but an important buffering capability
between business growth and energy constraints.
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Conclusion

Data center energy planning is entering a new phase of constraint. With the rapid development of new-gen-
eration data centers, especially Al computing centers, load characteristics have evolved from the relatively
stable profile of conventional facilities to pronounced fluctuations under continuous operation. The energy
challenge facing these projects has therefore expanded beyond basic supply continuity to include load man-
agement over longer time horizons, constraints on external power boundaries, and coordination between the
site and the grid. Energy storage is no longer simply an auxiliary option; it is becoming part of the core
capability of the data center itself.

Against this backdrop, the role of long-duration energy storage has also changed. It is not merely a way to
extend discharge time, but a means of providing data centers with the ability to participate in regulation
across multiple operating periods. For projects with highly volatile loads, the real issue is not a single instanta-
neous peak, but load behavior across an entire operating window. For that reason, long-duration energy
storage is better aligned with the structure of the current challenge than short-duration storage.

The second judgment of this white paper concerns the technology route. Vanadium flow batteries merit
separate consideration not because they are superior to other storage technologies in every scenario, but
because they align more directly with the operating profile of new-generation data centers, especially Al
computing centers. Their operating characteristics can accommodate long-term bidirectional regulation,
stable operation under partial state of charge, frequent switching between charge and discharge, and appli-
cations in which both discharge and recharge must remain within defined control boundaries. These operat-
ing conditions are precisely the most typical energy storage requirements now emerging in Al computing
centers.

From the standpoint of technology boundaries, vanadium flow batteries and lithium batteries do not address
the same type of problem. Lithium batteries are better suited to short-duration, compact, and localized
requirements. Vanadium flow batteries are better suited to long-duration, system-level applications that
emphasize sustained regulation and long-term operating compatibility. For conventional data centers, vanadi-
um flow batteries can also enter the evaluation range wherever a clearly defined long-duration need exists.
For Al computing centers, however, this configuration direction should be given higher priority, because their
load profile, grid interaction, and operating requirements are more closely aligned with the capability bound-
ary of vanadium flow batteries.

Technology Evaluation Priorities Under Different Project Conditions

Priority should be judged by the project problem structure rather than by a full set of technical metrics.

Project Condition More Likely Priority Reason

Conditions where lithium batteries usually enter evaluation first |

} 71 Short-duration p%vaing 7Lith;m1a;t;ries Best suited to short-duration support tasks ‘
‘ 2 Instantaneous support Lithium batteries Fast localized response

3 Localized compensation Lithium batteries Addresses compact local problems

4 Limited duration requirements Lithium batteries Long-duration capability is not the main need

D Tight space constraints / compact deployment Lithium batteries Compact deployment advantage

Conditions where vanadium flow batteries should generally be placed further forward in evaluation

6 Multi-hour regulation @ Vanadium flow batteries Better aligned with long-duration operation

7 Sustained and pronounced load fluctuation g@ Vanadium flow batteries Better suited to sustained regulation

8 Critical-period pressure management [% Vanadium flow batteries Supports longer operating windows

9 Shaping of external power behavior Vanadium flow batteries Helps manage site-level power behavior
10 Long-term participation in operation Vanadium flow batteries Better aligned with long-term operating compatibility

( A\
@

* For Al computing centers, the priority for evaluating vanadium flow batteries is generally clearer because their loaad profile, grid interaction,
and operating requirements are more closely aligned with the capability boundary of vanadium flow batteries.

Decision sequence for data centers: define the problem first, then determine
which technology route should be prioritized for evaluation.
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Conclusion

From the perspective of project outcomes, the value of deploying vanadium flow batteries should not be
understood as the benefit of a single piece of equipment. What they enable is a new set of project capabili-
ties: on-site load fluctuation becomes manageable, external power behavior becomes easier to constrain,
grid-connection approval and compliance communication can be framed within clearer boundaries, pressure
during critical periods can be reorganized, and long-term operation and asset management can be placed on
a more stable footing. Energy storage therefore ceases to be merely a technical configuration and becomes
an important tool for balancing business growth, energy constraints, and long-term operation.

The core conclusion of this white paper can therefore be summarized in three points.

First, data center demand for energy storage is shifting from short-duration support toward long-duration
regulation.

Second, long-duration energy storage is better suited to the current operating environment of data centers
characterized by high volatility and tighter constraints.

Third, for Al computing centers, vanadium flow batteries should be evaluated with higher priority because
their suitability lies not only in long-duration operation, but also in their closer structural fit with sustained
load regulation under continuous operation.

Ultimately, this is not simply a white paper about one battery technology. It is a judgment on the future
energy capability of data centers. As computing demand continues to grow, those best able to organize load,
constrain power behavior, and manage pressure during critical periods in a stable manner will be better
positioned to maintain balance across grid connection, operation, cost, and expansion. The significance of
vanadium flow batteries lies in exactly this point: they provide new-generation data centers with an energy
capability that can be incorporated into long-term planning logic..

Postscript for Project Developers

The following note is provided as a practical reference and does not form part of the main body of this white paper.

* Assess load volatility
Determine whether the project is facing a relatively stable load profile or a pattern of sustained fluctuation under continuous operation.
This assessment should focus not only on peak demand, but also on fluctuation frequency, amplitude, recurrence, and the interaction

between IT load, cooling load, and task scheduling.

* Define the regulation window (hours vs. minutes)
Clarify the time horizon over which the project actually needs regulation. Some projects mainly face minute-level or short-duration
support needs. Others require multi-hour regulation across a broader operating window, including both discharge and recharge

constraints.

* Evaluate long-duration storage as part of the site-level energy architecture

Once load volatility and the regulation window are clear, long-duration storage should be evaluated as part of the overall site-level
energy architecture rather than as a standalone add-on. For projects with sustained fluctuation, grid-side constraints, and long-term
operating requirements, the key question is whether storage can shape power behavior across the full operating window and fit the

long-term operating logic of the site.
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