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Executive summary

Energy Storage Systems (ESS) have
become critical enablers of grid stability
and economic optimization as the energy
sector accelerates its transition to
renewables and decentralized systems.
With global deployments projected to
triple by 2030, storage technologies are
becoming as essential to energy transition
as generation capacity. However, this
growing reliance also intensifies the
operational risks associated with
downtime, system imbalances, and
maintenance inefficiencies. These risks
undermine grid reliability and
decarbonization progress.

Recognizing this inflection point, there is a
need for a fundamental shift in ESS
maintenance: reducing the maintenance
times significantly and provide a more

accurate solution. Central to this evolution
is the Integrated Charger Discharger (ICD),
a modular, mobile platform. It enables
replacement battery modules to be safely
preconditioned, ensuring voltage and
State of Charge (SoC) alignment without
complete system shutdowns.

This whitepaper explains why embedding
intelligent, modular maintenance
strategies is critical to building
future-ready ESS infrastructure. It also
highlights why enabling operational
continuity, improving economic viability,
and reinforcing resilience are essential to
advance the global energy transition.
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Reliability as the new imperative
In scaling energy storage

Energy Storage Systems (ESS) have
steadily moved from the periphery to the
core of modern energy ecosystems. They
were initially designed to support
renewable integration and stabilize the
grid. Today, they carry significantly greater
responsibility than their original designers
anticipated. And the expectations continue
to rise. Today, the global energy storage
market is poised to grow sixfold, from

360 GWh in 2024 to over 2 TWh by 2030
This highlights a critical reality: the
reliability of energy storage is essential to
the success of clean energy systems.

At the heart of ESS reliability lies the
battery module. A single faulty module can
bring an entire system to a grinding halt,
resulting in costly downtime, safety risks,

and lost revenue. And with the electricity
demand from Al-driven data centers
expected to double by 2026, the margin
for error narrows even further.

So, minimizing ESS downtime is a
maintenance priority and strategic
requirement. Rapid, safe module
replacement capabilities are vital for
sustaining system resilience, ensuring
business continuity, and supporting
broader sustainability goals. Organizations
that embed resilience as a core design
principle will be better positioned to
unlock the full potential of energy storage,
safeguard operational continuity, and lead
the next era of sustainable energy
ecosystems.

The growing relevance of

uptime in ESS

As renewable energy adoption accelerates,
the complexity of maintaining balance
across decentralized, variable power grids
has intensified. ESS has transitioned from
supporting assets to a strategic anchor,
underpinning energy reliability, economic
optimization, and sustainable growth.
Moreover, global annual deployments are
expected to increase by 21% annually
through the decade. The scale of
upcoming deployments makes reliability
non-negotiable, as demonstrated by global
market size growth, as shown in Figure 1.



https://www.weforum.org/stories/2024/11/the-role-of-energy-storage-technologies-in-the-energy-transition/
https://www.iea.org
https://www.iea.org
https://www.weforum.org/stories/2024/11/the-role-of-energy-storage-technologies-in-the-energy-transition/
https://www.weforum.org/stories/2024/11/the-role-of-energy-storage-technologies-in-the-energy-transition/
https://about.bnef.com/blog/global-energy-storage-market-records-biggest-jump-yet/
https://about.bnef.com/blog/global-energy-storage-market-records-biggest-jump-yet/

Global Energy Storage Additions

200

150

100
=i
N

2023 2024 2025 2026 2027 2028 2029 2030

Capacity (GW)

Year
(Figure 1)

Today, ESS delivers value across the
following critical fronts:

Grid stability &
flexibility

With renewables projected to supply
over 50% of global electricity by
2030, maintaining consistent grid
frequency and voltage has become
paramount. ESS acts as a shock
absorber, smoothing out the erratic
ebbs and flows of supply and
demand. Like a built-in surge
protector, they shield the grid from
frequency deviations that could
otherwise lead to wide-scale
outages. In this environment,
uninterrupted ESS operations are
non-negotiable.

Peak shaving and
demand management

As global electricity demand rises by
3.4% annually through 2026, the
ability to deploy stored energy
during peak periods becomes
crucial. So, ESS reduces
dependence on costly reserve
generation, defers capital-intensive
grid upgrades, and lowers
emissions. It delivers operational
savings and strategic resilience.

Energy market
optimization
and arbitrage

Price volatility, exacerbated by
supply chain disruptions and
geopolitical instability, has made
time-shifted energy storage an
increasingly lucrative option.
Operators can leverage ESS to buy
electricity during low-price periods
and sell or deploy it during
high-tariff windows, unlocking a
dynamic and expanding profitability
curve. As the energy landscape
continues to evolve, the role of ESS
in market optimization becomes
increasingly pivotal, offering both
economic and operational benefits.

Across all these dimensions, uptime
remains the decisive factor.
Interruptions disrupt storage
capacity and compromise broader
grid stability and the economic
foundations of a renewable-powered
future. Ensuring high ESS availability
is now critical to realizing the full
promise of the energy transition.
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How faulty battery modules
compromise ESS reliability

and resilience

Despite significant technological progress,
ESS remains susceptible to localized
vulnerabilities that can undermine its full
potential. Faulty battery modules, often
dismissed as isolated events, pose a
systemic risk with far-reaching
operational, financial, and reputational
consequences, as outlined below:

Downtime and operational
disruptions:

When a battery module fails, it
typically requires isolating the entire
ESS, shutting down operations,
disconnecting the faulty module, and
carefully re-integrating the
replacement. Each replacement
cycle introduces a period of
inoperability, directly reducing
system availability. Even brief
downtime can escalate into
substantial operational risks,
especially for critical sectors like
healthcare, cloud data centers, and
industrial manufacturing, where
energy continuity is paramount.

Maintenance complexity and
rising costs:

Diagnosing and resolving module
faults often demands specialized
interventions, complete system
isolation, and prolonged service
windows. These requirements
increase direct maintenance costs
and extend downtime, compounding
financial losses.

Reduced system performance:
A single underperforming or failed
module impacts an ESS's overall
energy flow, limiting its ability to
meet load demands, support grid
frequency regulation, and deliver
critical services like peak shaving.
Such performance degradation
directly reduces the financial and
operational returns expected from
storage investments.

Safety risks and

escalation events:

Faulty modules create uneven
voltage distributions across ESS
arrays, increasing the risk of
overheating, short-circuiting, or
thermal runaway conditions that can
lead to fires or catastrophic system
failures. A news report highlights the
increase in battery-related thermal
incidents worldwide, driven largely
by aging infrastructure and scaling
deployment without proportionate
safety frameworks.
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The cascading impact of downtime

The consequences of downtime extend
beyond immediate operational
interru ptiOnS, affecting several essential Downtime erodes financial

layers of system and business performance across multiple
performance: channels:

Economic costs:

Power grid instability:

During ESS downtime, the critical
buffering capacity that stabilizes
grid fluctuations is lost. Without this
absorption layer, the risk of
frequency deviations and voltage
instability rises sharply, threatening
overall grid reliability.

Voltage sags and swells:
Unbalanced power flows during
downtime can cause under-voltage
or over-voltage conditions. These
fluctuations can damage sensitive
electronic infrastructure and
industrial equipment, leading to
costly repairs and service
disruptions.

Loss of renewable integration
capacity:

ESS systems are essential for
balancing intermittent renewable
energy sources. Downtime interrupts
the ability to store surplus
generation during peak production
periods, forcing grids to rely more
heavily on traditional,
carbon-intensive generation sources,
damaging decarbonization efforts.

e Lost revenue: Inability to arbitrate
energy by buying low and selling
high during peak periods.

e Higher energy
procurement costs:
Facilities revert to grid
dependency, often paying
premium charges during peak
periods.

e Increased repair and
replacement expenses:
Repeated module failures and
service interruptions increase
lifecycle wear, raising replacement
and maintenance costs over time.

Reduced system reliability and
critical services risk:

For facilities requiring uninterrupted
power, such as hospitals, cloud data
centers, and advanced
manufacturing plants, even minor
reductions in ESS availability can
result in disproportionately high
operational and reputational losses.
Critical services increasingly depend
on continuous, resilient storage
capacity to ensure business
continuity and societal trust.

As ESS deployments expand worldwide,
proactively addressing these challenges is
becoming a critical requirement to safe-
guard system integrity, public trust, and
broader grid stability.



Reframing ESS maintenance
as a system-level design challenge

As storage assets become more deeply
embedded in grid operations, uptime must
be engineered from the ground up. In
response, forward-thinking operators
adopt integrated, preemptive strategies
that embed resilience into ESS operations.
A key enabler is the use of intelligent,
mobile systems, such as Bosch SDS’s
Integrated Charger Discharger (ICD), that
pre-condition battery modules before
integration. This minimizes downtime,

1

reduces systemic stress, and improves
consistency across maintenance
environments.

The ICD reinforces a clear belief:

mobility, and uptime, ESS operators can
transform maintenance from a point of
failure into a driver of long-term grid
performance.
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resilience must be built in, not added on.
By aligning maintenance with modularity,
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(Figure 2- Integrated Charger Discharger (ICD) for new battery module)



https://bosch-sds.com/flyer/integrated-charger-discharger-icd-for-ess-battery-packs/

Key features of the ICD

As maintenance strategies for ESS evolve,
integrated solutions that simplify
charge-discharge cycles while minimizing
operational risk are becoming
foundational. ICD embodies this
transition, bringing together a set of
design features tailored to modern uptime
and resilience requirements:

Dual-mode operation:

By combining charging and
discharging functionalities within a
single module, the ICD allows
seamless pre-conditioning of battery
modules. It enables precise voltage
and State of Charge (SoC) matching
before integration into live ESS
environments.

Built-in electrical and thermal
protection: The ICD integrates
safeguards such as circuit breakers,
contactors, MCBs, and fuses,
ensuring operational security across
both AC and DC sides. These
systems are designed to mitigate
risks related to overvoltage, thermal
overloads, and polarity mismatches.

Multi-chemistry compatibility:
The ICD supports various lithium-ion
battery chemistries and offers broad
applicability across diverse ESS
architectures without sacrificing
performance or safety alighnment.

(Figure 3 - Bosch ICD Standalone System)

Human-Machine Interface (HMI):
A touchscreen interface enables
intuitive operator control, allowing
threshold customization for voltage
and SoC levels, real-time
charge-discharge status visualization,
and fault event logging.

Status indication and system
monitoring: LED-based operational
indicators provide immediate visual
feedback, enabling maintenance
personnel to assess system
conditions and intervention needs
quickly.

Mobility and modularity: Mounted
on industrial wheels with braking
systems, the ICD can be easily
deployed at factories or field
installations, enabling maintenance
agility without structural
dependencies.


https://bosch-sds.com/wp-content/uploads/2024/03/Integrated-Charger-Discharger-Flyer.pdf
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How integrated architecture and
operational value strengthen ESS uptime

As the role of ESS deepens across energy

infrastructure, so does the impact of
downtime. The ICD addresses this

challenge through a design that blends

protection, agility, and precision. It

delivers a range of operational benefits as

follows:

Downtime reduction:

Enables modules to be charged or
discharged offline before
replacement, eliminating the need
for full system shutdowns

Mobility and adaptability:

Industrial-grade wheels and modular

design allow the ICD to function

across factory floors and field sites

with ease

Performance optimization:
Maintains alignment of voltage and
State of Charge (SoC), ensuring
stable discharge profiles and
operational consistency

Safety assurance:

Protects systems from voltage
mismatches and thermal stress
using layered electrical safeguards

Extended system life:

Reduces wear and stress on battery
assets during replacement, lowering
maintenance costs and improving
lifecycle returns



These benefits are made possible by a set
of core components engineered for safety
and adaptability that work together as
illustrated in Figure 4.

String Battery Management Unit
(SBMU):

Monitors cell parameters and
manages connection between the
ICD and battery module; works with
customer-specific BMS boards
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Protection Devices (MCCBs,
MCBs, fuses, contactors):
Ensure electrical safety across AC
and DC lines by isolating faults and
preventing overloads or thermal
events

Control Unit:

Automates charge-discharge
operations and connects to both the
ICD and the SBMU. It executes
voltage/SoC logic based on system
inputs

HMI (Human-Machine Interface):
Allows users to configure
thresholds, monitor system status,
and oversee module conditioning
with a touchscreen panel

AC/DC Converter (24V DC):
Supplies low-voltage power to
control electronics and
communication interfaces,
maintaining system responsiveness

SBMU Battery
Module +
.. Control - OCULE

SBMU - MMU
Comm

Master
BMS

Fan control

(Figure 4 - Illustrative power wiring of the system)




Application scenarios and use cases

ICD is designed to support maintenance
operations within ESS. It acts as a
precision tool for equalizing replacement
battery modules before they are integrated
into high-voltage racks.

lts working principle is straightforward but
critical: by enabling controlled charging or
discharging, the ICD aligns replacement
modules with the system’s voltage and
SoC thresholds. This step mitigates risks
associated with imbalance, thermal stress,
and safety violations during live
integration.

The ICD is certified for CE and UL
standards, ensuring global compliance
with operational safety and performance
benchmarks. Its modular, mobile form
factor suits factory floor operations and

field deployments, whether during system
assembly, acceptance testing, or urgent
maintenance cycles.

From a technology standpoint, the ICD
combines dual-mode charge-discharge
functionality, configurable cutoff limits,
and a human-machine interface (HMI) for
precise control. This allows maintenance
teams to safely prepare modules in
advance without interrupting system
uptime.

By embedding this adaptive capability at
the edge of ESS operations, organizations
can improve resilience, minimize
downtime, and meet the growing
performance demands of modern energy
infrastructure.



Rethinking ESS architecture
for sustained uptime

Looking ahead, the ability to maintain
continuous system uptime will define
ESS's operational value. As global grids
shift toward decentralization and
renewables, ESS must evolve from passive
infrastructure to intelligent,
always-available assets. This evolution
demands a corresponding shift in how
maintenance is designed and deployed.

Solutions like the ICD reflect a broader
transformation, from reactive module
replacement to proactive, system-aligned
conditioning. By enabling seamless
charge-discharge alignment before
integration, ICDs reduce downtime,
mitigate safety risks, and support
consistent, flexible performance under

varying grid conditions. Appendix: Glossary of

The future of ESS will depend on such abbreV|at|On5

resilience-driven design thinking.

Integrating mobile, intelligent * MMU - Module Monitoring Unit
maintenance strategies enables

organizations to safeguard uptime, scale * SBMU - String Battery Management Unit
with confidence, and position energy

storage as a cornerstone of the energy - ICD - Integrated Charger Discharger
transition. In doing so, maintenance moves

from a background function to a strategic » IMD - Insulation Monitoring Device

enabler of reliability and adaptability.
« HMI - Human—-Machine Interface

Reflecting this approach, Bosch’s ICD

demonstrates how maintenance can be - ACDB - AC Distribution Board
embedded within ESS architecture. Its

mobile, precision-led design supports safe - AC - Alternating Current
module conditioning without operational

disruption, reinforcing both grid stability * DC - Direct Current

and long-term scalability.
- CE - Conformité Européenne

(European Conformity)
« UL - Underwriters Laboratories

« LED - Light-Emitting Diode
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