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The global expansion of utility-scale photovoltaic (PV) power plants is
reshaping electricity generation. Large-scale solar installations are being
deployed at unprecedented speed and are becoming a central pillar of modern
energy systems. However, the increasing share of renewable energy also
introduces new operational challenges for grid operators and plant owners.
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Solar generation is inherently variable and
depends on weather conditions and time of
day. Production peaks typically occur during
midday hours, often when electricity demand
is not at its highest. As a result, many energy
markets are experiencing grid congestion,
curtailment of renewable generation and
periods of very low or even negative
electricity prices.

Battery energy storage systems (BESS) have
emerged as a key technology to address these
challenges. By storing excess energy and
releasing it when needed, batteries add
flexibility to renewable energy systems and
enable more efficient use of solar generation.

For operators of utility-scale PV plants,
batteries provide several advantages. They
reduce curtailment by storing unused energy,
improve the utilization of grid connection
capacity, and create new revenue
opportunities through participation in
electricity markets. At the same time,
integrating battery storage introduces
additional technical and operational
complexity.

Experience from large-scale PV and BESS
projects shows that the value of battery
systems depends not only on installed
capacity, but on how effectively they are
monitored, controlled and integrated into
overall plant operation.

Battery energy storage systems: technology
and system architecture

A modern battery energy storage system
consists of multiple interconnected
components that together ensure safe,
reliable and efficient operation.

At the center of the system is the battery
itself. Most large-scale storage systems today
rely on lithium-ion technology, particularly
lithium iron phosphate (LFP) cells. These
batteries provide high cycle stability, long
service life and improved thermal safety
compared with earlier battery chemistries.
Their robustness and scalability make them
particularly suitable for grid-scale energy
storage applications.

Battery cells are assembled into modules and
racks and are typically installed in
containerized units. This modular architecture
allows storage systems to be scaled flexibly,
ranging from a few megawatt-hours to several
hundred megawatt-hours depending on
project requirements.

A critical interface between the battery and
the electrical grid is the power conversion
system (PCS). This system includes
bidirectional inverters that convert the direct
current stored in the battery into alternating
current for grid injection and vice versa during
charging. The PCS ensures compliance with
grid codes while enabling precise control of
charging and discharging processes.

Another essential component is the battery
management system (BMS). The BMS monitors

the condition of individual cells and modules
and ensures that the battery operates within
safe limits. Parameters such as cell voltage,
temperature and current are continuously
measured to prevent overcharging, deep
discharge or thermal stress.

Above these hardware components sits the
energy management system (EMS), which
coordinates the operation of the battery, the
photovoltaic plant and the grid connection.
The EMS determines when the battery should
charge or discharge and ensures that the
storage system follows the defined
operational strategy.

In practice, all of these components generate
large volumes of operational data. Managing
this data effectively and using it for intelligent
decision-making is a central challenge in
modern hybrid power plants.

Expanding the capabilities of solar power
plants

The integration of a battery storage system
significantly expands the operational
capabilities of a solar power plant.

One of the most common applications is peak
shaving and output smoothing. PV plants can
produce short-term power peaks during
periods of strong solar irradiation. These
peaks may exceed the grid connection
capacity or cause grid stability issues. A
battery system can absorb these peaks and
release the energy later, stabilizing the power
output delivered to the grid.

Anotherimportant use case is energy shifting.
Solar energy produced during midday hours can
be stored in the battery and delivered later in the
evening when electricity demand s higher. In
many markets, this also corresponds with higher
electricity prices, allowing plant operators to
increase the value of their energy production.

Battery systems also enable participation in
ancillary service markets. Because of their
extremely fast response times, batteries are
particularly well-suited to provide frequency
regulation services that help stabilize the
power grid. In addition, batteries can
participate in intraday trading and energy
arbitrage strategies, charging during periods
of low prices and discharging when prices rise.

In regions with high penetration of renewable
energy, battery systems can also significantly
reduce curtailment. Instead of limiting PV
generation when grid capacity is constrained,
excess energy can be stored temporarily and
injected into the grid at a later time.

As aresult, solar plants equipped with storage
increasingly operate as hybrid power plants
that combine generation, storage and grid
services within a single integrated system.

Monitoring: the foundation of reliable BESS
operation

In our experience, one of the most
underestimated aspects of BESS operation is
the importance of comprehensive monitoring.
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Battery systems operate within strict
technical boundaries. Parameters such as cell
voltage, temperature, current, and state of
charge must remain within defined limits in
order to ensure safe operation and to prevent
premature degradation of the battery cells.
Continuous monitoring of these parameters is
therefore essential.

However, the scale of monitoring required in
modern hybrid plants is often underestimated.
A single installation can include hundreds of
thousands of measurement channels, and
large projects may generate well over one
million measurement values that must be
processed in real time.

Handling these data volumes requires a
powerful and scalable data acquisition
infrastructure. At Gantner Instruments, we
have extensive experience designing
monitoring systems capable of processing
extremely large data sets in real time.

Our monitoring platform, Gantner.|QX
provides operators with full transparency over
system performance. Within a single
web-based environment, all system channels
and measured values can be visualized,
analyzed, alarmed and controlled. This
provides operators with a comprehensive
overview of the entire hybrid plant,
independent of the number of measurement
points involved.

In demanding applications, our monitoring
infrastructure also supports high-frequency
data acquisition with second-level
measurement intervals and corresponding
high-resolution data storage. This level of
monitoring detail is particularly valuable for
advanced control strategies and for long-term
performance analysis.

Intelligent control with the Q.reader power
plant controller

While monitoring provides transparency,
intelligent control is required to actively
optimize system operation.

Hybrid solar and storage plants must
constantly adapt to changing operating
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conditions. Weather forecasts influence PV
generation, while electricity prices fluctuate
throughout the day. At the same time, battery
limitations such as state of charge,
temperature limits and cycle constraints must
always be respected.

To manage this complexity, advanced control
systems are required. The Q.reader power
plant controller (PPC) was originally developed
to control utility-scale PV plants, but it also
provides full functionality for managing
battery systems.

In many installations, the Q.reader effectively
acts as the central energy management
system of the hybrid plant. It coordinates the
interaction between solar generation,
battery storage, grid requirements and
market signals.

A key capability of this approach is predictive
energy management. By integrating weather
forecasts and electricity price forecasts, the
system can anticipate future conditions and
adjust plant operation accordingly.

For example, if high solar production and low
electricity prices are expected during midday
hours, the controller may prioritize charging
the battery. If higher electricity prices are
expected later in the day, the system can
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reserve battery capacity to maximize revenue
during those periods.

Another important advantage of the Q.reader
platform is its flexibility. In many projects, the
same device already used for PV plant control
can also be used to manage battery systems
or retrofit storage installations without
requiring additional hardware. This
significantly simplifies the integration of
storage into existing solar plants.

From data to insight: analytics and
predictive maintenance

Beyond real-time control, advanced data
analytics play an increasingly important role in
BESS operation.

Battery performance changes over time as
cells gradually degrade. Continuous
monitoring and long-term data analysis allow
operators to track these changes and
understand how operating strategies
influence battery lifetime and efficiency.

Operational data can be analyzed to identify
trends, detect anomalies, and optimize
system performance. For example,
abnormal voltage behavior or unusual
temperature patterns may indicate early
signs of technical issues.
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Early detection of such patterns enables
predictive maintenance strategies. Instead
of reacting to failures after they occur,
operators can identify potential problems in
advance and schedule maintenance
activities proactively.

This data-driven approach improves system
reliability, reduces downtime and helps protect
the long-term value of the battery asset.

The future of solar and storage: digitalized
hybrid power plants

As hybrid solar and storage systems become
standard, success depends on more than
battery capacity alone. The real value lies in
how intelligently these systems are
monitored, controlled and optimized.

Advanced platforms enable operators to turn
complex data into actionable insights and
real-time decisions. This transforms battery
energy storage systems from passive assets
into flexible, high-performance components
of modern energy infrastructure.

In an increasingly dynamic energy landscape,
integrated monitoring and control are key to
maximizing efficiency, reliability and
long-term profitability.
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