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Agnieszka Sękala 1,*, Tomasz Blaszczyk 2 , Krzysztof Foit 1 and Gabriel Kost 1

1 Faculty of Mechanical Engineering, Silesian University of Technology, Konarskiego 18A, 44-100 Gliwice,
Poland; krzysztof.foit@polsl.pl (K.F.); gabriel.kost@polsl.pl (G.K.)

2 IT Department, Zealand-University of Applied Sciences, Lyngvej 21, 4600 Køge, Denmark; tomb@zealand.dk
* Correspondence: agnieszka.sekala@polsl.pl

Abstract: Industrial robots, like all machines, require energy to operate, which is why energy effi-
ciency in industrial robotics has been a subject of consideration in recent years in many scientific
and industrial centers. Interest in the topic is especially noticeable in Industry 4.0. Research on
energy efficiency stems from the emergence of new possibilities in terms of making strategic decisions
related to manufacturing processes. As energy-efficient production is an essential part of sustainable
development, the energy efficiency of industrial robots must be considered. The need to reduce costs
while maintaining quality and increasing production efficiency has necessitated the implementa-
tion of modern solutions aimed at reducing electricity consumption. The rational use of electrical
energy, especially in the industrial sector, significantly reduces production costs and, consequently,
contributes to a company’s profits and competitiveness. This article aims to provide an overview of
energy efficiency issues based on recently published articles. This article discusses the appropriate
selection of robots, their programming, energy-efficient trajectory planning, and the monitoring of
the operation of the robotic system to minimize energy consumption. Typical industrial applications
of robots are also mentioned and discussed.
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1. Introduction

The concept of Industry 4.0, which refers to the fourth industrial revolution, is mainly
used in Europe. In the USA, it is commonly referred to as the Industrial Internet of
Things (IIoT), or simply the “Industrial Internet”. Nevertheless, these terms, in practice,
refer to the same concepts, namely, smart manufacturing, which focuses on obtaining
real-time information through, among other devices and methods, industrial robots and
automatic changes in production methods to achieve optimal resource allocation and to
improve energy efficiency [1–4]. Efficient energy use is one of the strategic goals of the
European Union with regard to energy policy. In 2018, EU leaders set a goal to reduce
annual energy consumption in the Union by 32.5% by 2030. In March 2023, they agreed
on EU targets to reduce primary and final energy consumption by 38% and 40.5% by 2030,
respectively. Therefore, energy efficiency is a strategic priority for the EU, which promotes
the principle of “energy efficiency first” [5]. Energy efficiency in the industrial sector is a
significant factor affecting production costs. Irrational energy use leads to the excessive
consumption of energy resources, environmental pollution problems, and excessive CO2
emissions. Therefore, it is evident that by reducing the intensive energy consumption of
the production process, a company enhances its competitiveness in the market.

Currently, robotization is one of the main drivers of economic development in industri-
alized countries. According to the International Federation of Robotics [6], after the global
production crisis caused by the COVID-19 pandemic, which paralyzed global production
and slowed down investments, a clear revival has occurred. In 2022, the operational stock
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of industrial robots was computed at 3,903,633 units (+12%). In Asia, there was a 38%
increase in the installation of new robots, though it was slightly lower in Europe, where a
24% increase in installation levels was noted compared with the previous year (Figure 1).
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The dynamic development of technology has led to robots being present in almost
every branch of industry. Robotization significantly shortens the time required to perform a
single operation compared with manual execution. Increasing repeatability and production
quality using industrial robots allows for high precision and stable working parameters, and
it makes these devices popular for various industrial applications [7–10]. Every machine
needs energy, as without it, it does not operate. However, machines vary in terms of how
energy-intensive they are. The increase in the implementation of the number of robots used
in the manufacturing process, which has occurred due to the addition of more electricity-
consuming devices to production lines, leads to a higher demand for electric energy by
the company, thereby increasing production costs. Reducing energy consumption can
be achieved through technical means, such as the use of energy-efficient drives or other
energy-saving devices. Additionally, improving energy efficiency can be indirectly achieved
through organizational measures, such as the optimization of cycle times (operations) [11].

In addition to finding ways to improve the technical parameters of the robot, methods
for appropriate trajectory planning are sought. Various proposals for energy-efficient path
optimization algorithms, using advanced algorithms, can be found in the literature [12–14].
It should be noted, however, that they are usually complex and computationally time-
consuming; thus, unfortunately, they are not readily available for general use. For instance,
in [15], a multi-objective optimization approach was proposed for generating the energy-
saving trajectories of robot manipulators with kinematic constraints, such as velocity limits,
acceleration limits, jerk limits, joint angle, and forward kinematics. The sum of the squared
joint accelerations was used to measure energy consumption. The proposed method re-
duced the total energy consumption by 6.1% compared with the energy consumption of
the simulation with feasible solutions. To optimize the trajectory within the manipula-
tor’s workspace, a multi-objective method based on the Kalman algorithm was proposed
in [16]. The proposed method searches for the optimal solution within the manipulator’s
limits, and it maintains the final effector orientation. In [17], a discrete and low-power-
consumption motion-planning method for large spaces and the long-time motion of robots
was proposed using a quantum computing method called Digital Annealer, developed
by Fujitsu. The authors’ simulation results show that the proposed method can reduce
the total torque consumption by 10%, and the computation time can be reduced by 77%
compared with simple linear motion. Usually, although not always [18], this does not
necessarily mean a simultaneous reduction in cycle time. In fact, these are usually two
mutually exclusive issues.

As energy efficiency is a key concern in industry, a device’s market success can be
determined by its energy consumption. The energy consumption level of production
processes is a fundamental criterion for designing the processes and their components. This
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includes selecting and constructing technological devices, implementing the technological
process, and employing production control procedures. Companies aim to reduce energy
consumption in the production process by reorganizing the process itself. This can be
achieved by replacing worn-out and energy-inefficient machines and equipment with more
energy-efficient ones or by installing measurement and monitoring systems for energy and
industrial processes. The first step in this process is to determine the level of the energy
needs of the implemented technological process. Higher electricity costs lead to increased
production costs in plants. The regular analysis of energy usage and costs, in line with
production plans, can improve profitability. This approach reduces production costs and
increases competitiveness in the market. The implementation of energy efficiency solutions
can result in reduced production costs and limited greenhouse gas emissions.

The issue of electricity consumption in robotics is significant, given the increasing
global energy consumption trend. By analyzing the market trends for creating automated
and robotic production systems, it can be concluded that robotic systems will become
increasingly widespread. Like any machine, a robot needs energy to operate. To achieve
a balance in energy demand, both globally and in individual countries, it is essential to
intensify efforts aimed at the rational use of energy. Raising awareness in society about this
issue is also crucial. In addition to the economic aspect, the amount of electricity consumed
also has a significant impact on the environment. Therefore, it is important to minimize the
energy consumption of tasks performed by robots.

The purpose of this article is to identify and discuss the main factors that influence
the energy consumption of robotic systems. Additionally, we will explore current and
emerging methods for creating energy-efficient trajectories for robots. To achieve this, we
have formulated the following research questions:

• RQ1: What methods are currently used to reduce the energy consumption of industrial
robots?

• RQ2: What are the current trends in the development of methods for reducing energy
consumption in robotics?

To provide objective answers to these questions, relevant search engine queries were
generated using Google, Google Scholar, Bing, and others. We then analyzed the results of
these searches in terms of their relevance to our study, which is the subject of this article. In
addition to the web searches, we also analyzed selected references in the bibliographies of
the articles found.

This article is structured as follows: Section 2 discusses methods for optimizing energy
consumption in robotic systems, with a particular focus on energy-efficient trajectory
planning. Section 3 examines the primary usage of industrial robot systems in conjunction
with state-of-the-art Internet of Things solutions. Section 4 takes a broad approach to the
optimization of energy consumption in industrial robots. Section 5 briefly presents the
background and discusses contemporary trends in reducing the energy consumption of
industrial robots.

2. Fundamentals of Energy Consumption Optimization for Industrial Robots

Energy-efficient robotics involves designing, manufacturing, and operating robots
with the aim of reducing energy consumption and increasing efficiency [19]. The primary
objective is to minimize the environmental impact of industrial robots by optimizing their
processes and reducing electricity consumption. When reviewing the literature on industrial
robotics, it becomes clear that research on energy efficiency primarily focuses on robots
with an anthropomorphic structure, also known as articulated robots (see Figure 2a) [20,21].
These robots are the most implemented in the industry and are designed to perform
functions similar to those of the human upper limbs, such as manipulative and articulated
functions. Commonly encountered robots in the industry include Cartesian, SCARA (as
shown in Figure 2b), and delta (parallel) robots (as shown in Figure 2c). These robots differ
in their construction, operating principles, and basic technical parameters.



Energies 2024, 17, 641 4 of 23

Energies 2024, 17, x FOR PEER REVIEW 4 of 24 
 

 

on robots with an anthropomorphic structure, also known as articulated robots (see Figure 
2a) [20,21]. These robots are the most implemented in the industry and are designed to 
perform functions similar to those of the human upper limbs, such as manipulative and 
articulated functions. Commonly encountered robots in the industry include Cartesian, 
SCARA (as shown in Figure 2b), and delta (parallel) robots (as shown in Figure 2c). These 
robots differ in their construction, operating principles, and basic technical parameters. 

 
(a) (b) (c) 

Figure 2. Example manipulators of industrial robots: (a) robot with anthropomorphic structure; (b) 
SCARA; (c) Delta robot. 

When selecting a robot for a specific application, it is crucial to conduct a thorough 
analysis of the companyʹs needs. The next step is to establish the goals that the 
implementation of robotics should achieve. These goals may include increasing efficiency, 
improving production quality, minimizing the risk of errors, or reducing fixed costs. To 
achieve sustainable development, it is crucial to design robotic cells that are not only 
operationally efficient but also energy-efficient. The energy consumption of robotic 
systems depends on various factors, including the type of robot, programming methods, 
and the nature of the process being executed [22]. 

These are introduced below. 
The type of robot—The fundamental technical parameters of industrial robots are the 

number of axes, permissible payload, reach or workspace, maximum working speed, 
allowable arm load moments, and operation accuracy. Additionally, the weight, mounting 
method, power supply, and energy consumption are also crucial factors to consider. It is 
important to note that a robot with a large payload and reach will have different energy 
requirements than one with a small payload. The proper selection of a robotʹs payload and 
reach for its functions can lead to energy savings. Each type of robot has specific power 
and energy requirements. 

The type of process being performed—The energy consumption of robots during 
operations is primarily determined by parameters such as the speed, load, and distance 
covered. It is important to note that a robot with the maximum permissible load may not 
operate at its highest speed. 

The programming method—Efficient programming and the application of advanced 
control algorithms can contribute to optimizing the energy consumption of robots. 
Optimal paths, effective motion planning, and intelligent task management can minimize 
energy consumption. Therefore, the programming of the robotʹs trajectory is crucial, 
particularly with regard to the motion instructions used, specifically those below: 
• PTP—Point to Point, also called “Joint”: The TCP (Tool Center Point) moves along 

the fastest trajectory. The movement is fast and repeatable. 
• CP—Continuous Path (Linear or Circular Motion)—The Continuous Path is used 

when the movement needs to be controlled to precisely follow the programmed path. 

Figure 2. Example manipulators of industrial robots: (a) robot with anthropomorphic structure;
(b) SCARA; (c) Delta robot.

When selecting a robot for a specific application, it is crucial to conduct a thorough
analysis of the company’s needs. The next step is to establish the goals that the implemen-
tation of robotics should achieve. These goals may include increasing efficiency, improving
production quality, minimizing the risk of errors, or reducing fixed costs. To achieve sus-
tainable development, it is crucial to design robotic cells that are not only operationally
efficient but also energy-efficient. The energy consumption of robotic systems depends on
various factors, including the type of robot, programming methods, and the nature of the
process being executed [22].

These are introduced below.
The type of robot—The fundamental technical parameters of industrial robots are

the number of axes, permissible payload, reach or workspace, maximum working speed,
allowable arm load moments, and operation accuracy. Additionally, the weight, mounting
method, power supply, and energy consumption are also crucial factors to consider. It is
important to note that a robot with a large payload and reach will have different energy
requirements than one with a small payload. The proper selection of a robot’s payload and
reach for its functions can lead to energy savings. Each type of robot has specific power
and energy requirements.

The type of process being performed—The energy consumption of robots during
operations is primarily determined by parameters such as the speed, load, and distance
covered. It is important to note that a robot with the maximum permissible load may not
operate at its highest speed.

The programming method—Efficient programming and the application of advanced
control algorithms can contribute to optimizing the energy consumption of robots. Optimal
paths, effective motion planning, and intelligent task management can minimize energy
consumption. Therefore, the programming of the robot’s trajectory is crucial, particularly
with regard to the motion instructions used, specifically those below:

• PTP—Point to Point, also called “Joint”: The TCP (Tool Center Point) moves along the
fastest trajectory. The movement is fast and repeatable.

• CP—Continuous Path (Linear or Circular Motion)—The Continuous Path is used
when the movement needs to be controlled to precisely follow the programmed path.
The TCP is moved along the specified trajectory. The robot controller automatically (at
a specified frequency) memorizes the current positions.

These instructions can also include precise (fine) or coarse positioning, known as
approximation. The robot is required to stop at a certain point (target), which causes the
motors to slow down. The energy generated by the reduction in speed is transferred to
resistors and dissipated as heat. Increasingly, manufacturers are designing robots where the
braking energy is recovered and fed back into the electrical grid [21,23]. Figure 3 illustrates
the phases in the TCP motion of an industrial robot between points P1 and P2.
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To reduce energy consumption, it is recommended to avoid abrupt changes in speed
and the acceleration of motors and other drive components. Trajectory optimization for
smooth motion can significantly contribute to this goal. The authors of [24] demonstrated
the impact of using Linear motion instructions and Joint-type instructions (PTP—Point
to Point) on energy consumption. The authors conducted tests with two points 1.5 m
apart and found that Joint-type motion consumes about twice as much energy at the peak
moment compared to Linear motion. However, traveling along a trajectory programmed
with a Linear instruction takes longer than the time taken with a Joint-type instruction
(PTP) and therefore consumes more energy. It is important to optimize robots for energy
consumption, both during operation and in standby mode. It is important to note that a
robot at rest still consumes energy due to the activated motors that keep the robot arm
stationary. However, deactivating the motor power automatically engages the mechanical
brakes, resulting in individual kinematic units not drawing energy and a decrease in total
consumption. Therefore, it is important to synchronize the operation of each robot in a cell.
Programming the cell in a way that minimizes situations where one robot moves rapidly
while another waits is crucial [14].

Virtual Programming (Offline)—The offline programming method is a technique
that allows the creation, testing, and optimization of robot control programs without the
physical presence of the robot on the production line. This method involves creating
virtual robotic workstations and programming the trajectories of robot movements, which
significantly reduces machine downtime. The ability to design in an offline mode enables
the optimization of robot movement trajectories and reduces process cycle times, ultimately
shortening the production startup time [25]. Offline environments also allow for the
assessment of the impact of different trajectories on energy consumption, enabling the
adjustment of robot movements in terms of energy consumption [26].

Work Environment—The energy consumption of a robot can be affected by the en-
vironmental conditions in which it operates. For instance, robots working in challenging
conditions, such as high or low temperatures, may require additional energy to main-
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tain their performance. High temperatures may cause the overheating of electronic and
mechanical components, requiring additional cooling.

Energy-Efficient Components—The implementation of high-efficiency motors, such as
brushless motors (BLDC) with permanent magnets, or energy recovery systems, such as
regenerative brakes, allows for partial energy recovery. According to [23], energy recovery
from braking can result in savings ranging from 8% to 25%. The degree of savings in each
case fundamentally depends on the task and the individual motion patterns of the robot.

Monitoring Energy Consumption—Monitoring energy consumption is a crucial aspect
of managing energy efficiency in industrial robotics. Continuous tracking and the analysis
of the acquired data allow for the introduction of improvements aimed at optimizing the
energy efficiency of robots. The essence of monitoring systems is a universal environment,
such as cloud-based solutions, enabling direct data exchange, providing access to data, and
facilitating various real-time analyses. The real-time monitoring of machine and device
operating parameters enables the comprehensive communication of current information
throughout the plant. This information is fundamental to making informed decisions
to improve energy efficiency and reduce operational costs at all levels of the enterprise.
Dedicated monitoring software detects anomalies in equipment operation and notifies the
end-user when thresholds are exceeded. For instance, the software verifies the current
consumption of individual robot axes, and if energy consumption is significantly higher
than usual, it signals the possibility of overload or damage. The software can detect the
cause of increased power consumption in individual robot components, such as a damaged
gearbox generating high loads, and restore proper energy consumption through service
intervention [27].

3. IoT Usage in Industrial Robot Systems

The use of the Internet of Things (IoT) in industrial robot systems is significant for
several reasons. IoT allows for the real-time monitoring of industrial robot systems, pro-
viding operators and managers with live data on the robot’s performance, status, and
other crucial parameters. The application of IoT has a significant impact on monitoring,
decision making, preventive maintenance, and prompt issue resolution, thereby enhancing
the overall operational efficiency. In the context of energy efficiency, IoT sensors play
a crucial role in monitoring and optimizing energy consumption in real time. Energy
efficiency is essential for sustainable and cost-effective operations. The Internet of Things
(IoT) enables dynamic adjustments in energy usage, leading to reduced operational costs
and environmental impacts. In summary, IoT’s significance in industrial robot systems lies
in its ability to improve monitoring, control, efficiency, and adaptability. By utilizing IoT
technologies, industrial operations can become more data-driven, resilient, and responsive
to the dynamic demands of modern manufacturing environments.

The concept of merging robots and the Internet of Things (IoT) has been labeled as the
“Internet of Robotic Things” (IoRT). According to ABI Research, IoRT refers to “intelligent
devices that can monitor events, collect data from various sensors, and utilize local and
dis-tributed ‘intelligence data’ to determine the best way to operate” [28]. In [29], Figure 4
shows a conceptual diagram of the Internet of Robotic Things architecture.

Existing solutions for IoRT are described in the article by Farnell [30]. It presents
the implementation of IoT within Amazon’s order fulfillment warehouses, where robots
equipped with special sensors are deployed to transport items to specified locations. These
robots are controlled by a central processor through a Wi-Fi network.

In [30], the authors present a method for measuring gas waste using Industrial Internet
of Things (IIoT) sensors. The described data collection system was able to determine that
62.1% of the gas used in the soldering process was wasted. This information can be utilized
to enhance production efficiency, particularly by minimizing waste in the factory.
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Article [31] suggests integrating IoT with mining robots and describes various benefits
of using this modern technology. By connecting 24/7-operational IoT sensors, processes
such as data collection can be automated, safety can be enhanced, and the development
both above and below ground can be balanced.

Article [32] shows how a metal-mechanical company improved by implementing IoT.
The data collected before and after the implementation of IoT in the tool machining produc-
tion process were compared. Enhancements in certain areas of the process were significant,
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with an increase of over 30%, resulting in improved efficiency and cost-effectiveness. The
article discusses the benefits of IoT applications, including communication, automation,
control, monitoring, durability, and fewer issues related to temporal resolution. These
advantages are further detailed in Table 1, which outlines the general and specific benefits
of IoT in the case study. The authors note that a longer observation period is needed
to reliably quantify the estimated 60% decrease in paper and ink consumption during
the production process, as well as the reduction in energy consumption resulting from
shortened production times and error reduction.

Table 1. The energy consumption per cycle of five-bar linkage mechanisms with and without
energy-reducing devices (ERDs) [33].

Vertical Plane Horizontal Plane

Motor Energy (J)
Energy

Reduction
(%)

Energy

(J)

Energy
Reduction

(%)
No

ERD ERD No
ERD ERD

1 10.15 2.06 79.70 5.62 1.88 66.59
2 9.43 2.29 75.69 7.31 2.14 70.63

Total 19.58 4.35 77.78 12.93 4.02 68.90

In their work presented in [34], the authors provide an update on their significant
project aimed at achieving the autonomous operation of robots. This autonomy could
improve the efficiency and quality of work performed by the robot. The authors also
provide a table with an overview of articles related to the concept of IoRT. The table
includes a general description of their contents.

Article [35] describes the computational architecture in IoT and its associated issues
related to energy consumption. The authors emphasize that most available IoT devices
are battery-powered. With the prospect of a significantly large number of sensors in the
future [36,37], this could lead to serious issues concerning energy consumption, servicing
costs, and device replacements. Improper maintenance and assessment of sensor lifecycles
can result in electronic waste. Developing durable and energy-efficient batteries for sensors
that can operate throughout their entire lifespan [38,39] is a challenge. Furthermore,
determining methods for recycling sensors after their usability has ended is necessary.

A global energy crisis is predicted in the near future. Potential solutions include
smart grids (SGs), electrical power system networks (ESNs), and IoT nodes [40]. In [35],
the authors describe and analyze IoT protocols in the context of their characteristics and
performance in smart grid communication.

Harvesting energy can help increase the efficiency and lifespan of IoT devices [40].
Integrated energy management circuits are essential for reducing battery power consump-
tion, which significantly contributes to prolonging the lifespan of the system [8]. Elahi
et al. [41] presented the concept of the Internet of Nano-Things (IoNT), which shows that
in the future, IoT devices will use self-powering sources, along with advancements in
nanotechnology, to create high-performance nanosystems.

In [38], a method is proposed for modeling energy on the supply side based on existing
industrial IoT devices for energy-intensive production systems of aluminum profiles. The
system is energy-intensive and has a significant impact on the environment. To gather
information on energy consumption, an Industrial Internet of Things (IIoT) data acquisition
network was deployed (see Figure 5).

The article presents potential support for improving the quantification of energy
consumption for specific workstations, analyzing energy costs, and assessing the envi-
ronmental impact. IoT sensors and connectivity enable the remote monitoring of robots’
performance and health, allowing for the real-time detection of anomalies or issues and
enabling preventive maintenance to minimize downtime. Additionally, IoT data can be
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analyzed to predict future problems when a robot’s components are likely to fail. This
allows for proactive maintenance scheduling, reducing unplanned downtime. Additionally,
these sensors can monitor energy consumption in real time, helping organizations optimize
robot operations for energy efficiency. Article [39] presents an overview of solutions in the
Green Industrial IoT ecosystem in connection with the evolution of the smart industry. It
discusses the state of the smart industry in reference to Industry 4.0, technologies related
to the IoT and IIoT ecosystem, and the challenges and opportunities offered by Industrial
GIIoT for various industrial sectors.
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4. Energy Efficiency in Robotics: Reducing Industrial Robots’ Power Consumption

Article [42] presents a method for studying potential energy savings through practical
energy consumption optimization. The experiment utilized an artificial neural network to
accurately depict the quantitative relationships between operational parameters and energy
consumption. A genetic algorithm was then employed to optimize adjustable parameters
and minimize energy usage. The study was conducted on an Epson C4 6-DoF industrial
robot. The authors demonstrate the effectiveness of the proposed method in assisting
parameter selection and energy conservation, as shown in Figure 6.

The authors of [21] present a review of various methodologies and technologies that
aim to enhance the energy efficiency of industrial robotic and mechatronic systems, in-
cluding their classifications and analysis. The available methods were categorized into
hardware and software solutions, including several subcategories, as well as hybrid ap-
proaches. The participants discussed future perspectives and emerging ideas in the field
of robotics.

Hardware solutions in robotics have been categorized into subcategories:

• The robot type;
• Equipment replacement;
• The addition of equipment.

Software improvements have been divided into subcategories as well:

• Trajectory optimization;
• Operation planning.
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Article [44] describes a study that aimed to develop an optimal control strategy for
industrial robots to minimize energy consumption. The study includes a case study in
which two controllers were developed for use in the Mitsubishi RV-2AJ robot arm. Accord-
ing to [44], using an optimal MPC controller can be an effective strategy in manufacturing
processes where energy consumption is prioritized over precision, such as pick-and-place
production processes, mobile autonomous robots, and underwater inspections.

In [33], a method for reducing the energy consumption of industrial robots is presented.
This method involves adding extra devices for energy storage and recovery-compliant ele-
ments that are connected in parallel with the axes and regenerative motor drives, resulting
in reduced energy consumption. The optimal design of the system was solved analytically.
The method was tested using a five-bar linkage mechanism (refer to Table 1) and a SCARA
robot (refer to Table 2). The data indicate that the standard, non-optimized trajectory can
reduce energy consumption by up to 77.8%. Further optimization of the method may result
in even greater reductions in energy consumption.

Table 2. The energy consumed per cycle when using energy-reducing devices (ERDs) for a SCARA
robot, as described in [33].

Motor Energy (J)
Energy

Reduction
(%)

No
ERD ERD

1 19.69 2.50 87.28
2 6.38 0.6689 89.53
3 19.68 14.30 27.35
4 1.97 1.50 24.03

Total 47.72 18.96 60.26

Article [45] presents an energy analysis of a 4-DOF parallel manipulator. The study
estimated the energy efficiency of the robot during pick-and-place operations along a linear
path. To achieve this, the study implemented electromechanical and dynamic models
of the manipulator to estimate the energy consumption of the robot’s actuators during
motion. The study also adopted energy consumption maps as guidelines for optimal robot
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positioning and provided numerical results from the models. The results presented can
enhance energy efficiency in industrial settings.

Another publication [42] analyzed the energy parameters of an industrial manipulator.
The impact of trajectory planning on the total energy consumption of the manipulator in a
pick-and-place task was examined. An electromechanical model of the actuators and an
inverse dynamic model of the robot were developed to estimate the energy consumption
during the basic motion task. The results were presented in energy consumption maps,
illustrating how the task’s location in the robot’s workspace affects its energy efficiency.

In [46], the energy consumption of two types of robots was compared: those operating
autonomously without human interaction and lightweight robots collaborating with hu-
mans. The study examined various configurations and analyzed their impact on the energy
consumption of the UR3e Cobot. The variables used in the configuration included motion
commands, speed and acceleration constraints, stopping position, time scaling, and joint
temperatures. The study compared the energy consumption of UR3e with that of other
industrial robots in the literature. The results showed that UR3e’s electronic components
consume more energy, while mechanical energy consumption is higher in industrial robots
compared to their electronic components. The article proposes optimization strategies
for reducing the energy consumption of UR3e, focusing on efficient electronic design and
task distribution among system resources. It deems the strategy for energy consumption
reduction through motion planning less significant.

The authors of [47] present research on the energy consumption of industrial robots
in the automotive industry. The study conducted three experiments in a simulated envi-
ronment, testing various values of variables and program parameters, such as the robot
payload, acceleration, and connection speed. The first experiment’s results focused on
energy consumption during the robot’s idle time. They showed the significance of selecting
an energy-efficient robot position and choosing an appropriate timer value responsible
for turning off servo motors. The second experiment involved studying the robot during
motion. Avoiding low speeds and selecting maximum continuous stops at intermediate
points proved to be crucial parameters. The third experiment analyzed the impact of
friction in the robot joint on energy consumption. It was found that at high motor speeds,
low temperatures increase energy consumption. The study analyzed parameters such as
the load, temperature, and speed.

The work described in [48] aimed to present the possibilities for saving electrical
energy in contemporary industrial robots. Practical examples related to programming and
positioning robots were demonstrated using the industrial robot IRB 1600. Four tests were
performed to determine the optimal trajectories, vary tool masses, identify the optimal
position of the processed object, and determine the optimal working speed. The results
of these tests yielded significant energy savings. It was concluded that greater energy
efficiency can be achieved through the proper installation and tuning of the robot.

In [26], an analysis was presented on the characteristics and modeling of energy con-
sumption by industrial robots (Figure 7). The modeling of energy consumption considered
parameters such as inertia and friction using simulated power data. The analysis examined
the relationship between the robot’s speed and energy consumption.

The objective of this study was to model the energy consumption of the motor, which
varies with the robot’s trajectory, using the ABB IRB 1200 program. The energy consumption
model of the robot was obtained through parameter identification. The analysis of the
relationship between the robot’s speed and its energy consumption led to the conclusion
that optimal energy consumption is achieved when the speed is neither too high nor
too low.

Article [26] analyzed energy consumption using a six-axis industrial robot and vali-
dated a dynamic model. The study examined the impact of parameters such as the payload
and speed on energy consumption. The results of simulations and experiments show that
the operational parameters of the robot significantly affect energy consumption. A higher
payload and speed increase the power required by the robot. The analysis was conducted
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under various working conditions. A simulation tool was used to analyze energy consump-
tion, and the results were verified with experiments conducted on a real robot. The study
demonstrated a slight difference between the experimental and simulation results.
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In [49], a simulation tool (Delmia Robotics environment) was presented. This tool
collaborates with offline robot programming tools, allowing for a reduction in robot energy
consumption. The simulation tool enables the automatic calculation of energetically opti-
mal motion parameters. Experimental studies conducted on the KUKA Quantec KR210
R2700 Prime industrial robot, widely used in the automotive industry on assembly lines,
confirmed the effectiveness of the demonstrated method.

Article [50] presents the hardware tools used in experiments to measure the energy
consumption of industrial robots. The experiments involved studying the robot with the
simultaneous motion of all joints or the motion of the robot’s first axis. The experimental
data have been made available as an open research dataset. The presented tests show that
in certain scenarios, energy savings of over 50% are possible. The tests were conducted
using the KUKA KR210 R2700 Prime robot. The study evaluated the impact of the oil
temperature in the gearbox on energy consumption, assessed the significance of viscous
losses in the robot’s power flow, and measured the variability in energy consumption based
on programmed speed and acceleration parameters.

In [51], an optimization algorithm was proposed that, in experiments, saved between
18% and 45% of the energy consumed by an industrial multi-robot system. This effect was
achieved without altering the total cycle time or original paths. The algorithms are based
on a nonlinear model used to optimize the sequence of operations and motion trajectories.

Methods for optimizing energy consumption by robots in the whole-system planning
model are presented in [52]. The optimal plan for energy efficiency was determined by
solving a mixed-integer nonlinear programming problem. Each operation was modeled
and parameterized in terms of energy consumption. The authors of [53] present a combined
analysis of the energy consumption and expected lifespan of a robotic system, providing
an assessment and trade-off between lifecycle and energy consumption optimization. The
models were examined in terms of load criteria on wear and fatigue occurring in gear joints.
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A method for optimizing energy consumption during robot movement is presented
in [13]. An optimization module was developed using Matlab to solve the inverse kinemat-
ics of the robot and find possible joint configurations required to perform the task. The next
step involved analyzing the moments and forces applied to each joint and link of the robot
by solving its inverse dynamics. At each step, the energy consumption was calculated, and
configurations were optimized. The results were then transmitted to the robot controller.
Experiments showed that optimizing the path’s destination location can reduce energy
consumption. The presented module reduces energy consumption by selecting optimal
configurations for different tasks.

The authors of [54] present methods to reduce energy consumption in multi-robot
assembly lines in the automotive industry. The proposed methods resulted in energy
savings of up to 10.6%. These methods involve calculating the motion trajectories of robots
and releasing the actuator brake earlier when the robots are stationary. The simulations
were based on real-time production in a factory and showed that the execution time of
robot tasks is often suboptimally synchronized with other tasks, which can be exploited to
reduce energy consumption. According to the authors, the proposed methods can be easily
implemented in existing systems with minor modifications to robot programs.

In [55], the authors introduce an energy-semantic model that analyzes the energy
consumption of industrial robots. They proposed and implemented four performance
experiments for the UR3e robot. The experiments revealed that energy consumption is
influenced by various parameters, including trajectory planning, acceleration and speed
constraints, motion commands, payload, configuration, and joint temperature.

In [56], methods for optimizing the energy consumption of medium- and large-payload
industrial robots are presented. The article discusses various methods for reducing energy
consumption in robots, including intelligent brake management, temporary storage of
kinetic energy, energy exchange between controllers, robot selection, idle-time shutdown,
and transitioning between different standby modes.

Additionally, the authors of [57] presented a method for reducing energy consumption
without the need for equipment replacement. The article also describes methods for
optimizing the energy consumption of pick-and-place manipulators for TCP position
profiles. Time scaling was used to calculate the optimal energy trajectories. The proposed
method was evaluated through two simulated case studies.

Energy savings in the automotive industry through robotized assembly lines are
described in [58]. The methods presented for reducing energy consumption involve opti-
mizing trajectories through time scaling and releasing actuator brakes earlier when robots
are stationary. Simulation results demonstrate that energy consumption can be reduced
without negatively impacting production time. The energy savings achieved are 12.1% for
a single industrial robot and 7.3% for the entire cell.

Problems and solutions related to limiting robot energy consumption are presented
in [59]. The problem of reducing energy consumption involves a compromise between
energy reduction and productivity. It is a planning problem that determines when it is
possible to extend the robot’s movement time without affecting productivity. The problem
is defined as a stochastic optimization problem, and energy consumption reduction is
achieved by finding optimal execution times and operation sequences. The presented
heuristic method reduces energy consumption under conditions that the authors believe
apply in practice to many types of robot stations.

A method for reducing the energy consumption of pick-and-place robots in both
long- and short-term picking operations is investigated in [60]. The method involves the
intelligent control of robot joints and the selection of the appropriate joint configuration for
placing objects. The methodology falls within the scope of reinforcement learning problems
in robotics, inverse statics, progressive kinematics, and inverse kinematics. The study
utilized MATLAB/Simulink models and developed a neural-network-based controller for
the IRB1600 robot. Five permissible joint configurations were compared, revealing potential
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power consumption savings of up to 18%. The holding force accounted for the majority of
the robot’s total power consumption.

In [61], the authors make predictions about the future electricity consumption of
robots until 2025. The estimated range for the forecast is between 0.5% and 0.8% of the total
electricity demand in the USA, as shown in Tables 3 and 4.

Table 3. Energy usage assumptions of industrial robots [61].

Momentary
Power

Consumption

Operation/Charging
Hours per Day

Energy Usage
per Year

Lifetime
(in Years)

Average 3000 20 21,915 14

Table 4. Electricity consumption of industrial robots in the reference scenario [61].

Units Sold
(2014)

Units in
Operation

(2014)

Robot Load
(GWh)

2014

Predicted
Robot Load

(GWh)
2025

Year-over-
Year Growth

(%)

Industrial
Manufacturing 25,350 203,637 5058 15,954 10.4

Automotive 13,943 112,000 2782 8775 10.4
Electronics 3740 30,045 746 2354 10.4

Rubber/Plastic 1309 10,516 261 824 10.4
Pharmaceutical 187 1502 37 118 10.4
Food/Beverage 748 6009 149 471 10.4
Metallurgical 1683 13,520 336 1059 10.4

Others 3740 30,045 746 2354 10.4

Table 5 compiles selected publications on energy optimization methods and outlines
the solution approaches proposed by the respective authors.

Table 5. This table summarizes how other authors have assessed and optimized robot energy
consumption.

Solution:
Hardware/Software/Mixed
(Hardware and Software)

Energy Optimization Method Article
No.

Hardware System Modernization Using Energy Recovery and Storage Devices, such as
Regenerative Drives and Compatible Components [33]

Software

Artificial Neural Network and Genetic Algorithm [43]
Optimization of Trajectories and Optimal Control Strategies for Robot Arms [44]
Application of Dynamic and Electromechanical Models of Manipulators for

the Best Relative Positioning of the Robot [45]

Optimal Trajectory Planning and Path Localization in the Workspace.
Development of an Electromechanical Model of Actuators and the Inverse

Dynamic Model of the Robot
[42]

Optimization of Parameter and Software Values, such as Connection Speed,
Acceleration, and Robot Payload [47]

Programming and Positioning of Robots [48]
Modeling of Motor Energy Consumption, which Changes with the Robot’s

Trajectory, and Optimization of the Robot’s Speed [26]

Robot Parameter Optimization—Speed, Payload [20]
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Table 5. Cont.

Solution:
Hardware/Software/Mixed
(Hardware and Software)

Energy Optimization Method Article
No.

Software

Simulation Tool that Allows for Automatic Calculation of Optimal Energy
Parameters of Motion [49]

Optimization of Programmable Robot Parameters (including trajectory, speed) [50]
Optimization Algorithms for Sequence of Operations and Motion Trajectories [51]

Scaling of Reference Trajectories [52]
Optimization of Trajectories [53]

Optimization of the Target Location of the Robot’s Path [13]
Trajectory Optimization Using Time Scaling, Earlier Release of Actuator Brake

During Robot Standby. [54]

Optimization of Parameters including Motion Commands, Trajectory
Planning, Acceleration Constraints, and Speed Limitations [55]

Trajectory Optimization [57]
Trajectory Optimization and Earlier Release of Actuator Brakes [58]

Optimization of Execution Times and Operation Sequence [59]
Trajectory Optimization [60]

Mixed

Various Methods of Energy Optimization including Brake Management,
Temporary Storage of Kinetic Energy of the Robot, and Energy Exchange

between Robot Controllers
[56]

Designing More Efficient Electronics—Effective Allocation of Computational
Tasks Between System Resources [46]

IIoT—Application of Sensors for Energy Monitoring [35]
IIoT and Energy Modeling Methods [38]

We evaluated the advantages and disadvantages of the methods for measuring and
optimizing energy usage, as shown in Table 5, and the results are summarized in Table 6.

Table 6. The advantages and disadvantages of methods for measuring and optimizing energy usage.

Advantages Disadvantages

IIoT—Application of Sensors for Energy Monitoring:

• Real-time monitoring enables quick identification of energy
consumption patterns.

• Provides valuable data for informed decision making.

• Initial setup costs for sensors and infrastructure.
• Data security and privacy concerns.

IIoT and Energy-Modeling Methods:

• Integrates IoT data with energy models for more accurate
predictions.

• Enables proactive energy management strategies.

• Requires expertise in both IoT and energy modeling.
• Complexity in integrating diverse data sources.

Artificial Neural Network and Genetic Algorithm:

• Adaptive learning capabilities for dynamic environments.
• Effective for nonlinear relationships in energy data.

• Requires extensive training data for accurate
predictions.

• Complexity in algorithm implementation and tuning.

Optimization of Trajectories and Optimal Control Strategies for Robot Arms:

• Efficient use of robotic resources. leading to energy savings.
• Improved precision in movement reduces energy waste.

• Complex algorithms may require significant
computational resources.

• Sensitivity to inaccuracies in input data.

System Modernization Using Energy Recovery and Storage Devices:

• Retrofitting existing systems for improved energy efficiency.
• Captures and reuses energy that would otherwise be wasted.

• Initial investment costs.
• Integration challenges with older systems.
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Table 6. Cont.

Advantages Disadvantages

Application of Dynamic and Electromechanical Models of Manipulators:

• Improved robot positioning for energy-efficient operations.
• Allows for simulation and testing before implementation.

• Requires accurate modeling of complex systems.
• Computational demands for real-time applications.

Optimal Trajectory Planning and Path Localization:

• Reduces unnecessary movements, leading to energy savings.
• Enhances overall system efficiency.

• Algorithmic complexity may impact real-time
performance.

• Dependency on accurate localization data.

Designing More Efficient Electronics:

• Efficient distribution of computational tasks.
• Reduced energy consumption through optimized electronic

design.

• Requires expertise in electronics design.
• Initial development costs.

Optimization of Parameter and Software Values:

• Fine-tuning parameters for optimal performance.
• Improved efficiency through software optimization.

• Requires constant monitoring and adjustment.
• May lead to increased computational demands.

Programming and Positioning of Robots:

• Precision in programming leads to energy-efficient
movements.

• Reduces unnecessary actions, saving energy.

• Programming complexity may limit adaptability.
• Human error in programming can lead to inefficiencies.

Modeling of Motor Energy Consumption:

• Quantifies energy consumption patterns for informed
decisions.

• Allows for targeted optimization of motor efficiency.

• Dependency on accurate energy consumption models.
• Continuous monitoring required for dynamic systems.

In general, the success of these methods depends on the specific context, the complexity
of the system, and the trade-offs between accuracy and computational cost. It is often
beneficial to combine multiple methods to create a comprehensive energy optimization
strategy.

5. Trends in Robotics Energy Consumption

The current industrial era is characterized by the quest for the full automation of
industrial processes. The adoption of Industry 4.0/5.0 principles entails a gradual rise in
the use of robotic systems while also considering the limits on energy consumption imposed
by growing ecological awareness. It is clear that, in addition to carbon dioxide emission
taxation and investments in renewable energy sources, there are increased costs associated
with acquiring electrical energy. Price uncertainty is exacerbated by unpredictable market
fluctuations. In recent years, these have been influenced by pandemics and armed conflicts.
To ensure stable growth in the implementation of robotic systems, it is crucial to minimize
their energy consumption. The automotive industry provides a good example, where robots
account for 8% of the total energy consumption throughout the vehicle’s lifecycle [62].

Shaping trends related to energy consumption in robotics is an interesting issue from
both technical and sociological perspectives. The common belief is that the implementa-
tion of robotic systems intensifies energy consumption and increases the carbon footprint.
However, Obgemhe et al. [63] argue that robots consume electrical energy, but savings
can be found in areas such as industrial hall lighting (robots do not require bright space
illumination) and heating. The authors of different publications do not have a unani-
mous opinion on the energy consumption of industrial robots and their direct impact
on a company’s carbon footprint. Yao et al. [64] propose the introduction of intelligent
optimization in connection with the automation and robotization of production. This issue
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is also addressed by Wang et al. [65], who highlight the relationship between the energy
consumption of robots and production efficiency. They argue that increasing the number of
robots involved in the process will increase electrical energy consumption. However, the
application of robotic systems enhances production efficiency. According to Soori et al. [22],
it is crucial to establish the correlation between efficiency and energy consumption in
robotized production.

The authors provide a thorough review of current methods for optimizing the energy
consumption of industrial robots, with a focus on the production process. They also discuss
the selection of a suitable industrial robot for the task at hand. Over-sized robots consume
more energy due to inertial effects caused by the weight of components. However, Paryanto
et al. [66] identify three areas for reducing a robot’s energy consumption:

• Efficient motion planning is the primary focus, with an emphasis on smooth and
optimally timed trajectories;

• Optimizing the operational parameters of industrial robots can be achieved through
an experimental approach and computer modeling and simulation;

• Planning tasks for industrial robots involves optimizing the sequence of movements
and minimizing the number of starts and stops. This includes various factors that
need to be considered, such as the efficiency of the robot’s movements and the time
required to complete the task.

The authors assess the potential for reducing energy consumption during the im-
plementation of industrial robots. They suggest that the most effective results can be
achieved during the production planning stage by selecting energy-efficient robots and
implementing proper operational planning. The startup process offers fewer opportunities,
with efforts mainly focused on reducing downtime and eliminating unnecessary stops.
However, it is important to consider limitations that may arise from planned production
efficiency. The least effective actions are at the level of the operating production process,
where it is only possible to influence the trajectory shape. Unfortunately, at this stage, there
is no possibility of changing the equipment or the production line cycle time. The authors
mention that simulation programs, such as ABB’s RobotStudio and Siemens’ Tecnomatix,
allow for creating virtual models of robotic environments and conducting virtual startups.
This opens up new possibilities, as it enables appropriate reactions and corrections to be
made before the actual equipment and production line or cell startup. The authors also note
that these software environments introduced the prediction of the energy consumption of
industrial robots.

Regarding the concerns raised in [66], specifically the optimization of operational
parameters for industrial robots, Meike et al. [58] conducted a simulation experiment. They
used parameters obtained from measurements taken in a real robotic cell operating in a
car factory and found that robots experience significant idle time after completing tasks.
Through the use of simulation methods, potential energy savings of 12.1% for a single robot
and 7.3% for the analyzed cell were achieved [58].

The International Federation of Robotics analyzed the automation and robotics market
in 2023 and identified five leading trends that will shape robot production in the near and
distant future [67]. The first trend is the continued growth of the robot market, both in
manufacturing applications and in other industries. The remaining trends are as follows:

1. Increased energy efficiency: Methods for recovering electrical energy resulting from
kinetic energy transformation will be developed, and smart-power-saving modes will
be introduced to increase energy efficiency. Energy monitoring will become standard.

2. Reshoring aims to shorten the distance between the manufacturer and the recipient of
components needed for production: This leads to the increased implementation of
robotic systems by expanding companies, as many things can be produced on-site
without the need for long-distance transport.

3. Ease of use: Technologies that lower the entry threshold in terms of robot program-
ming, such as “low code” or “no code” techniques, will be implemented to improve
ease of use. Emphasis will be placed on solution flexibility and easy configuration.
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For example, it will be possible to equip a heavy industrial robot with sensors and
software that enable collaborative work.

4. Utilization of artificial intelligence: AI development will primarily support the op-
timization of robotic processes, enabling better management of variable or unpre-
dictable events.

5. Second life of industrial robots: The ability to repair and upgrade used industrial
robots is environmentally friendly and cost-effective. Modernization can also con-
tribute to reducing the energy consumption of refurbished robots.

Based on the analysis presented, it is evident that energy efficiency will play a sig-
nificant role in shaping the industrial robot market. The combination of electrical energy
recovery with the repair and modernization of used robots has the potential to greatly
impact the achievement of environmental protection and sustainable development goals.
This concept is in line with Evjemo et al.’s considerations [68] regarding the development of
Smart Factories and Smart Manufacturing, where humans will share spaces with machines,
including robots. This implies, among other things, the absence of barriers and the rela-
tively free movement of employees around the production hall. The authors propose that
robotic systems will have the ability to switch between different levels of operation and
apply safety procedures as needed. This means that a single robot could operate in a fully
automatic cycle and, upon detecting the presence of a human, switch to collaborative mode
and share the workspace with people. This aligns with the trends formulated by IFR [67]
and the assumptions of Industry 4.0 and 5.0. However, from an energy efficiency stand-
point, estimating the consequences of this approach may be challenging due to the robot’s
switching between operating modes in response to a human presence. Artificial intelligence
methods can be applied in this situation to optimize processes with high variability or
actions under uncertain conditions.

Izagirre et al. [69] provide an interesting example of using artificial intelligence to
reduce the energy consumption of industrial robots. The authors suggest that the robot’s
electrical energy consumption and joint loads can be significantly reduced by properly
positioning manipulator arms while waiting to start a task. To determine the optimal
position, the authors implemented a genetic algorithm to minimize the total torque. The
study demonstrated that, for a heavy industrial robot with a high payload, the torque in
the non-optimized position is over three times greater than that in the optimized position.
The authors achieved a reduction in the total torque of over 30% for the ABB IRB 6400r
robot operating in real industrial conditions. A lower torque in the waiting position not
only results in lower energy consumption but also reduces the temperature of motors and
gears, thereby extending their operational life.

A trend in energy-saving methods for robotic systems is the use of a digital twin.
Vatankhah Barenji et al. [70] propose a real-time, agent-based structure for optimizing
energy consumption. The agent responsible for trajectory generation collaborates with the
trajectory dynamic assessment agent to choose the optimal path while avoiding collisions.
The third sub-agent assesses energy consumption concerning the generated paths, esti-
mating the required torque of the motors. The evaluation is performed in two stages: one
for each joint and one for the entire manipulator arm of the robot. The decision-making
process is based on negotiations between three agents and occurs in real time.

Yan et al. [71] developed a digital twin of a physical robot to serve as a foundation for
future research. The digital model of the robot was created and calibrated to enable real-
time energy consumption monitoring and consumption prediction through simulation. The
digital twin system utilizes the open-source Robot Operating System (ROS) for visualization
and virtual robot simulation. The flexibility of the ROS enables rapid changes to the robot
and the creation of new simulations without the need for cumbersome modeling.

Similarly, Stan et al. [72] employed a digital twin in their work. They present a robotic
system designed for deburring the edges of large machined parts, focusing on processing
only parts requiring improvement after prior machining. A vision system is used for
this purpose, with the robot inspecting the machined surface. During program execution,
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energy consumption is monitored. However, the authors note that data obtained solely
from simulations may be somewhat underestimated due to the specifics of the kinematic
unit, such as friction in kinematic pairs.

Braking energy recovery systems are commonly used to reduce robot energy con-
sumption [22,67]. Furthermore, mechanical components are employed to store energy
temporarily or balance forces during movement [33,73]. These components typically con-
sist of carefully selected springs. This is a direct intervention in the kinematic chain of the
manipulator. The solution is implemented for manipulators moving along a predefined
trajectory, carried out cyclically, such as pick-and-place tasks. This approach can lead to
significant energy savings. For instance, in [73], a reduction in energy consumption of
77.8% was achieved during the execution of a typical, non-optimized trajectory by the
robot. The solution’s applicability is limited to selecting mechanical element characteristics
for a specific path, making it suitable for cases with a repeatable trajectory and infrequent
retooling of the robotic system.

Currently, the increase in the energy efficiency of robots and robotic systems mainly
relies on well-known and frequently used energy recovery systems. Another common
solution is path optimization using advanced AI algorithms. The implementation of
Industry 4.0/5.0 and the development of Smart Factory/Smart Manufacturing concepts
offer new opportunities for achieving energy savings through the use of advanced robot
monitoring systems (including IIoT), intelligent systems based on artificial intelligence
(including data processing and Deep Learning), and advanced simulation systems and
digital twins. A significant trend in robotization’s impact on the environment is the
adoption of a holistic approach that considers not only energy efficiency but also the
relationship with greenhouse gas emissions. This is influenced by the entire life cycle of the
product, from production to disposal [74–76].

6. Conclusions

The integration of modern manufacturing processes with advanced technologies, such
as industrial robots, is crucial [77]. Industry 4.0 utilizes technology to achieve significant
benefits, including energy efficiency. Efficient energy management in the industry primarily
involves investing in solutions that reduce electrical energy consumption, such as intelligent
energy management, energy saving, and storage for later use. Market trend analysis
indicates the dynamic development of robotization, particularly after the global crisis
related to the COVID-19 pandemic. The rise in the number of installed robots, especially in
Asia, highlights the growing interest in automating and robotizing manufacturing processes.
This article analyzes the impact of various factors on energy consumption in industrial
robotics and identifies key factors that influence it, such as the selection of the appropriate
type of robot, programming, and the real-time monitoring of energy consumption.

This article also discusses trends in reducing energy consumption, with solutions
that involve energy recovery during manipulator braking still dominating. However, the
widespread adoption of Industry 4.0/5.0 has led to an increase in the implementation of
artificial intelligence and advanced simulation systems. There is also a growing focus on
the impact of robotics on the environment, including energy consumption and greenhouse
gas emissions associated with the entire life cycle of the industrial robot product. In this
context, it is important to consider the trend of renewing and modernizing old units.

In summary, implementing strategies related to energy efficiency in industrial robotics
contributes to reducing production costs and promoting sustainable development by
minimizing waste. Therefore, developing innovative solutions for energy efficiency is a
crucial direction for the industry’s future.
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Nomenclature

AR Augmented reality
CCTV Closed-circuit television
EC Electronic commerce
GUI Graphical user interface
IoT Internet of Things
IIoT Industrial Internet of Things/Industrial Internet
IoRT Internet of Robotic Things
SCARA Selective Compliance Assembly Robot Arms
SLAM Simultaneous localization and mapping
SNS Social networking services
UI User interface
VR Virtual reality
WSDL Web service description language
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27. Pollak, A.; Temich, S.; Ptasiński, W.; Kucharczyk, J.; Gąsiorek, D. Prediction of Belt Drive Faults in Case of Predictive Maintenance

in Industry 4.0 Platform. Appl. Sci. 2021, 11, 10307. [CrossRef]
28. Farnell. Amazon—A Prime Example of an IoT Implementation; Farnell: Chicago, IL, USA, 2017. Available online: https://pl.farnell.

com/amazon-a-prime-example-of-an-iot-implementation (accessed on 16 October 2023).
29. Ray, P.P. Internet of Robotic Things: Concept, Technologies, and Challenges. IEEE Access 2017, 4, 9489–9500. [CrossRef]
30. Waters, M.; Waszczuk, P.; Ayre, R.; Dreze, A.; McGlinchey, D.; Alkali, B.; Morison, G. Open Source IIoT Solution for Gas Waste

Monitoring in Smart Factory. Sensors 2022, 22, 2972. [CrossRef]
31. Cropp, C. Technological Trends Driving Advances in the Mining Industry. 2021. Available online: https://info.vercator.com/

blog/technological-advancements-in-mining-industry (accessed on 3 July 2023).
32. Cañizares, E.; Valero, F.A. Analyzing the Effects of Applying IoT to a Metal-Mechanical Company. J. Ind. Eng. Manag. 2018, 11,

308–317. [CrossRef]
33. Palomba, I.; Wehrle, E.; Carabin, G.; Vidoni, R. Minimization of the Energy Consumption in Industrial Robots through Regenera-

tive Drives and Optimally Designed Compliant Elements. Appl. Sci. 2020, 10, 7475. [CrossRef]
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