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Power Plant 4.0: Embracing 
next-generation technologies  
for power plant digitization
As industry 4.0 technology continues to advance, existing data can be  
harnessed to develop machine-learning solutions that deliver real value,  
optimize decision making, increase flexibility, and attract top talent. 
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Even before the outbreak of COVID-19, fossil-
fuel power plants faced significant disruption 
from renewable energy sources, low gas prices, 
and ambitious decarbonization goals, all of which 
are changing customer preferences. Now, as the 
power-generation industry shifts to the next normal, 
adopting the latest digital and advanced-analytics 
technologies has become critical. 

Many power companies began their digital 
transformations with technological solutions such 
as data models, which help optimize set points, 
enable better dispatch decisions, and support 
maintenance strategies and operating-mode 
selection. Forward-thinking companies, however, 
have recently started using visualization tools to 
manage real-time generation performance and 
digital control software to relay predictive data to 

control rooms. Yet these innovations are grounded 
in tangibly improving outcomes for plant operations 
and are therefore only part of a digitally enabled, 
next-generation power plant (Exhibit 1). 

Chief among an organization’s most valuable assets 
are its data. And the first steps of any company’s 
journey are building a fact-based, data-driven 
culture and learning how recent advances in 
analytics can transform data into actionable insights. 
The next generation of digital and advanced-
analytics tools has emerged alongside innovative 
technologies, such as artificial intelligence and 
machine learning. Such approaches seek to go 
beyond traditional multivariate regression analysis 
methods in terms of revealing hidden patterns and 
complex interdependencies. 

Applying digital technologies can further enhance power-generation 
operations.

Combustion dynamics 
monitoring system 
(CDMS):
Heat-rate reduction can 
be as much as 1%

Air-in-leakage monitoring: 
Meters can determine 
condenser back-pressure 
e	ects 

Emissions monitoring:
Advanced analytics 
combine real-time gas 
testing and emissions 
tracking to regulate 
emissions controls in 
real time

Dynamic high-pressure 
steam temperature and 
�ow adjustment: 
Heat-rate reduction can 
be as much as 0.5%

Heat recovery steam 
generator (HRSG) 
tube-leak monitoring: 
Advanced analytics use 
sound monitors and 
trends to preemptively 
�ag HRSG tube leaks

Heat tracing:
Sensors can detect when 
and where heat tracing is 
required

Leaking-valve prioritization:
Smart meters can monitor 
valve aging and leakage, 
identifying optimal time to 
repair or replace valves 
instead of using set 
schedules

Exhibit 1

Applying digital technologies can further enhance power-generation operations.
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For example, a next-generation power plant can 
use machine learning to account for significantly 
more inputs, thus enabling core plant operational 
functions to be modeled more precisely than 
previously thought possible. Just a few years ago, 
performance-improvement models based on 
thermodynamic models and OEM set points were 
considered an adequate approach to optimizing a 
plant’s heat rate—the amount of energy needed 
to produce a single kilowatt-hour (kWh). Today, 
machine learning can optimize heat rates with much 
greater efficiency in a fraction of the time. 

In the coming decade, power plants must improve 
their unit efficiency and increase the resilience of 
their operations to remain competitive in the global 
energy supply. Here, we illustrate two points: first, 
that the latest advanced-analytics models and 
solutions have changed the art of the possible for 
power generation; second, that adopting digital 
solutions in power generation matters more today 
than ever before. 

The foundation for digital tools has 
rapidly expanded
Historically, power plants have heavily relied on 
well-established legacy systems based on “first 
principles” engineering insights and problem-
solving methods, such as direct monitoring of 
temperature or pressure deviations without 
predictive or pattern-recognition algorithms. These 
programs required expensive systems that tracked 
only a few types of data and relied on proprietary 
engineering knowledge to provide system warnings 
and operating bands.1 

Two trends help show the path forward. First, 
operators have become more familiar with new 
technologies, techniques, and tools to collect and 
store data. This has led to the development of 
rudimentary dashboards to track plant-specific 
parameters, such as high superheater temperature 
alarms or excess pressure on a turbine.

The first steps of any company’s  
journey are building a fact-based, data-
driven culture and learning how recent 
advances in analytics can transform 
data into actionable insights. 

1	Operating bands are programs that detail the optimal range within which equipment should operate—for example, a program that tracks the 
pressure of a turbine. 

3Embracing next-generation technologies for power plant digitization



Second, the availability of workers skilled in 
programming and digital technologies has 
increased, while data-processing costs have 
decreased. As a result, more companies now 
offer inexpensive data-analytics solutions. In 
fact, a review of 40 companies offering products 
immediately applicable in power plants shows that 
the development of operations-oriented technology 
and advanced mathematics models has grown 

drastically. Small software programs meant to 
optimize a specific operation or support a consistent 
decision point have proliferated, and higher levels of 
specification have created a technology ecosystem 
that allows power generators to embrace targeted, 
value-accretive digitization (Exhibit 2).

These trends have set the stage for the current 
digital transformation. Cheap processing power, 

Exhibit 2

Next-generation technologies can optimize targeted areas of operation, leading to 
a tech-enabled ecosystem.

Automated worker and 
material preparations 
can prioritize tasks and 
schedule orders 

Next-generation technologies can optimize targeted areas of operation, 
leading to a tech-enabled ecosystem.

Automated monitoring of 
equipment with aerial drones 
can help prevent and respond 
to shutdown events

Real-time tracking of fuel 
requirements and 
recommended blending 
levels can monitor fuel 
consumption and availability

Simple interface 
for operators draw 
inputs from machine-
learning models and 
automated systems

End-to-end digital 
work management 
system help prioritize 
work requests, 
wrench time, and 
other data 

Automated demand signals 
are generated directly from 
warehouse stock levels and 
sent to suppliers

Digital dispatching of work 
orders to the �eld sends 
workers real-time orders 
and updates

Advanced analytics–
driven optimization 
of heat rate and 
other products or 
services can increase 
fuel e�ciency

Augmented and virtual 
reality used for safety 
training and real-time 
employee performance 
tracking

Centralized control-room 
monitors with prioritized 
dashboard can reduce 
workload and enable better 
�eet-level visibility

Illustrative example of coal-�red power plant

Predictive analytics help 
operators get ahead of 
environmental excursions
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available talent, and a large repository of historical 
data provide the foundation upon which new 
advanced-analytics techniques and end-to-end 
digital tools can be built.

Next-generation tools can be easily 
adopted—and add significant value
Power plants are already highly “sensorized,” 
meaning vast amounts of data are continuously 
collected and stored. However, our research shows 
that a mere 20 to 30 percent of the data collected 
is used to directly inform decision making and that 

the data collected from sensors could be better 
optimized (Exhibit 3). 

 As an example, one power plant collected and 
stored more than 30,000 different “tags,” or unique 
types of plant data, for more than ten years—yet 
these data went completely unnoticed by leadership. 
Such information is often difficult to digest, and links 
between the data set and its financial impact are not 
always obvious. As a result, many operators might 
perceive such data as a “black box,” unless they 
have been involved in the collection process along 
the way.

¹Heat rate is a measure of efficiency used at thermal (coal, natural gas) power plants to evaluate the amount of thermal energy required to generate a unit of 
electrical energy.
²British thermal units.

Example: Heat rate¹ in function of net output 

Heat-rate variability can be optimized with plant sensors. 
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Thermal e�ciency 
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even when holding 
ambient conditions 
constant
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Heat rate,
BTU² per kWh

Exhibit 3

Heat-rate variability can be optimized with plant sensors. 
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The next generation of value will likely be built 
upon this informational foundation. Operators 
can employ an analytics-backed approach to find 
unique data predictors of plant performance. And 
expanding on those findings with first-principles 
engineering and operating insights can optimize 
previously unidentified value drivers. For instance, 
rapid machine-learning algorithms can already 
identify optimal parameters to increase combined-
cycle gas turbine plant outputs and heat rates. 
Advanced pattern-recognition methods can identify 
and predict the need for repairs and proactively 
recommend focused preventive maintenance. 

Optimization models for unit efficiency, flexibility, 
and operability can further help operators run their 
facilities to the theoretical limits of performance. 
The results can include improving their bottom lines 
by increasing power availability and reducing fuel 
consumption to minimize carbon emissions.

Developing advanced analytics:  
A four-step approach 
Even the most efficient power plants can benefit 
from advanced-analytics models to improve heat 
rates (Exhibit 4). An increasing number of power 

companies at the outset of their digital journeys are 
already seeing promising results. Irrespective of fuel 
type (coal or gas), machine learning and advanced 
analytics can create heat-rate improvement of up 
to 3 percent. Generating higher profits and lower 
carbon emissions can be accomplished by following 
a four-step program. 

This approach—based on historical data from 
operators, IT teams, and small and medium-size 
enterprises (SMEs)—incorporates more than 
1,000 data tags to build models that simulates 
multiple scenarios and generates counterintuitive 
recommendations. In addition, these tags includes 
hundreds of variables, such as temperatures and 
pressure at different points of different equipment, 
ambient temperatures, and on–off tags and  
their durations.

1.	 Companies must obtain insights from historical 
data. Plant operators need to ensure the data 
are high quality and have been reviewed for 
inconsistencies, such as one-off equipment 
breakage or outages. This correlation analysis 
can help provide insights into basic relationships 
between data and past performance. 

Prescriptive analytics, which use machine learning to recommend optimal 
real-time actions, can create signi�cant value.

Value

What happened? Why did it happen? What will happen? How can we 
optimize it?

Complexity

Get insights from 
historical data

Understand 
relationships and 
constraints of assets

Determine how well 
the algorithm predicts 
outputs

Provide optimization 
logic to develop action 
models

Descriptive analytics
Exploratory analytics

Predictive analytics

Prescriptive analytics

Exhibit 4

Prescriptive analytics, which use machine learning to recommend optimal  
real-time actions, can create significant value. 
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2.	 Operators and owners should use the advanced-
analytics model and ask, “What if?” Doing so  
can enable leadership to understand 
relationships and constraints based on the 
data and subsequently explore new scenarios 
(for example, how would a gas turbine perform 
if pressure limits were increased?) This kind of 
sensitivity analysis can also provide additional 
insight into past performance.

3.	 Once the analytics-based steps are completed, 
operators can move to prediction. To begin, 
they must determine how well the predictive 
algorithm forecasts output, as the advanced-
analytics model can use part of the actual data 
to provide a picture of future performance. The 
ex-ante prediction—a forecast that uses only 
available information—can be compared with 
actual data to determine ex-post accuracy.

4.	 Follow up with optimization. Machine learning 
and advanced algorithms can prescribe optimal 
actions for real-time iteration. A system that 
employs machine learning can react to data 
it has previously logged, strengthening the 
relationship between what was predicted and 
what happened—as well as charting deviation 
between the two. This system can then improve 
on its iteration process and make subsequent 
predictions much more accurately. Predictions 
will continue to improve over time, yielding 
optimal decision making and parameters with 
little to no wasted time.

While the results of this approach will vary, most 
plants are likely to show reduced fuel costs because 
of improved heat rates, increasing profitability. 
This approach can also help plants reduce carbon 
emissions, as less coal or gas will be needed to 
generate electricity. 

Despite the considerable progress power plants 
have made in recent years, they have only scratched 
the surface of what digitization can achieve. 
Efficient and resilient digitally enabled operations 
are key to success in the next normal. Those that do 
not make the most of their data risk falling behind—
even in times of economic stability. The changes 
experienced during the pandemic offer utilities the 
opportunity to adopt new operating models that 
enable faster decision making, increase structural 
flexibility, and attract new talent. 

Generating power from fossil fuels will continue 
to be the norm for the time being, as transitioning 
to renewable energy sources is a complicated 
process. However, fossil plants can do their 
part to support this transition by continuously 
improving operationally. After exhausting traditional 
performance-improvement levers, next-generation 
digital solutions will likely become the new frontier 
for growth.
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