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Abstract: Energy efficiency is one of the most powerful strategies to mitigate the impacts of climate
change by reducing energy demand, which in turn reduces the emissions of Green House Gases
(GHG), as well as reducing the burden on the supply side renewable generation expansion. Because
electric motors systems represent such a large share of the overall electricity consumption (over 50%),
large savings potential could be made available by the use of energy-efficient motor systems both in
new installations and by accelerating the replacement of old inefficient motors. Since electric motors
are very reliable, their lifetime is long (according to recent studies it may exceed 20 years) which
translates into a very inefficient existing stock despite worldwide policy efforts. This paper analyzes
the current efficiency of the installed stock and the causes for its low efficiency, possible policy options
to increase its the efficiency, the role of new technologies and improvements possible by targeting the
entire motor system at the time of motor replacement. The paper presents an innovative analysis of
the estimated impact of increasing the uptake of high-efficiency motors and motor systems; effective
policies could translate into 100 TWh/year in the European Union if additional measures, such as
addressing oversizing, proper controls (VSDs) and digitisation, are also implemented. If similar
measures were adopted globally, the savings triggered could be at least tenfold reaching over 1000
TWh/year.

Keywords: electric motors; electric motor systems; motor replacement; energy efficiency; net zero
carbon; industry decarbonisation

1. Introduction

In 2015, 195 countries signed the Paris Agreement [1], committing to ‘to keep the
increase in global mean surface temperature to well below 2 °C, and to limit the increase to
1.5 °C, since this would significantly reduce the risks and impacts of climate change’. To
achieve this impressive goal, emissions need to be reduced by 45% by 2030 and reach net
zero by 2050.

For that purpose, one of the most important contributions comes from the rapid de-
ployment of energy-efficient technologies, which play a prominent role in the abatement
of CO, emissions. Energy efficiency is essential in curbing energy demand and is most
important in the early stages of the decarbonization process while other mitigation strate-
gies are still in development. Improving the penetration of energy-efficient technologies
will significantly reduce the burden on renewable generation, in particular because these
technologies are readily available, are cost-effective and can be rapidly scaled-up [2]. In
addition to global climate change mitigation, energy efficiency provides multiple benefits
including a crucial contribution to energy supply security, to increase business compet-
itiveness and citizens welfare, including major health benefits associated with a cleaner
environment [3,4].

Some of the most relevant technologies, which have witnessed significant energy
efficiency improvements in the last decades, are applied in electric motor systems. Ac-
cording to the IEA [5] 53% of the electricity worldwide is used in electric motor systems
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(12,100 TWh) representing emissions of 6 Gton CO5eq. In 2019, electric motors represented
around 70% of the electricity consumption in industry (6700 TWh) (see Figure 1) and are a
very relevant consumer in the tertiary sector (over 40%) [5,6]. In agriculture motor systems
used for irrigation purposes, use most of the electricity in that sector. Their very large
energy consumption means that even a small improvement in efficiency translates into
very large absolute savings. Therefore, improving the uptake of energy-efficient motors
and motor systems seems to be an important avenue to help reach the ambitious climate
goals set out by European and international policy makers.

Electric
Motor
Systems

Industry (~70%)

(42%)

Residential
(27%) Lighting
Process heat
electro-chemical

Transport
(2%)

Industry 9566 TWh
Transport 420 TWh
Residential 6072 TWh
Commercial and public services 4849 TWh
Others (agriculture and fishing) 1940 TWh

Total: 22,847 TWh

Figure 1. Worldwide electricity use / Industrial motor systems electricity use (Source: Authors, data
from IEA, 2019).

To corroborate the importance of electric motors, in its 2021 World Energy Outlook [6],
the IEA identified 40 milestones without which total final energy consumption would be
around 30% higher by 2030 (Figure 2). One of these milestones is that all motor sales are
best in class by 2035. This goal is unachievable if strong measures are not taken in the short
term to steer the market in that direction.
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Figure 2. IEA Net Zero by 2050: A Roadmap for the Global Energy Sector [7].




Energies 2023, 16, 1248

30f16

This paper carries out an innovative analysis of the efficiency of the installed base
of electric motors and, in particular, the effect of equipment lifetime in maintaining a
low-efficiency stock, leading to the need of promoting its accelerated replacement. Recent
studies indicate that the lifetime of motors is greater than previously considered which
effects the estimation of the impact of the deployment of energy efficiency measures.
Furthermore, the paper reviews the current barriers to the uptake of more efficient motors
and common policy options used to overcome these barriers. It also reviews the potential
savings that can be achieved by using the most recent high-efficiency motor technologies,
as well as by putting in place additional associated measures directed not only at the motor
but at the entire motor system at the same time of the replacement of old inefficient motors.

2. Efficiency of Installed Base

The importance of motor systems electricity consumption (and corresponding emissions)
has long been recognised and minimum energy performance standards (MEPS) regulations
and labelling programs for electric motors are now in place in all industrialised countries.

Although initially based on different national efficiency test and classification stan-
dards, making for a confusing global motor market, these MEPS are now based on interna-
tionally harmonised standards, namely the following:

e IEC 60034-2-1:2014—Rotating electrical machines—Part 2-1: Standard methods for
determining losses and efficiency from tests (excluding machines for traction vehi-
cles) [8]

e IEC 60034-30-1:2014—Rotating electrical machines—Part 30-1: Efficiency classes of
line operated AC motors (IE code) [9]

IEC 60034-30-1 standard defines the motor efficiency classes from IE1 (Standard) to IE4
(Super-Premium). An additional class IE5 (Ultra-Premium) is proposed, but not defined in
the standard. This classification is used to define the minimum efficiency levels for electric
motors placed in the market in the respective countries. North America (United States and
Canada) was the first economic area to implement MEPS, at the IE2 level, in 1997, which
have meanwhile been raised in 2010 to the IE3 level [10]. Other countries have followed
this model, using the IE2 level as a first step to allow manufacturers some time to adapt to
the market, before raising MEPS to IE3. The European Union (EU), Switzerland and Turkey
have recently introduced the most advanced MEPS at 1E4 level for motors between 75 kW
and 200 kW, active from July 2023. MEPS for Variable Speed Drives (VSDs) at IE2 level has
also been adopted for the first time at world level in the same countries in 2021 (Figure 3).

Unfortunately, the penetration rate of these highly efficient technologies is slowed
down due to the long lifetime of electric motors which is retarding the realisation of the
energy savings potential of the MEPS regulations.

Average motor lifetimes have usually been considered to be 12 to 20 years depending
on nominal power [11-13]—the lower value corresponding to small motors (from 1 kW to
7.5 kW) and the larger value to larger motors (from 75 kW up to 375 kW). Recent major
field assessments in USA and Europe have shown that these average figures seriously
underestimate the actual lifetimes, with substantially older motors still in operation.

In 2013 the Swiss Energy Agency S.A.EE. assessed 4124 separate motor systems in 18
factories [14]. The results are shown in Figure 4.
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Figure 4. Electric motor age, Switzerland (S.A.EE. 2013).

The analysis shows that 56% of all motors and their respective systems were older than
their expected operating lifetime (some were twice the expected age). Although the analysis
was restricted to Switzerland it can be expected that the situation is similar in the EU.

In 2021, an updated DoE US Motor System Market Assessment [15] led by Lawrence
Berkeley National Laboratory (LBNL) was published, which provides an updated, more
comprehensive assessment of the installed stock of motor systems in both the industrial
and commercial sectors. The analysis concerning the age of the installed stock also points
in the same direction, as shown in Figure 5.
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Figure 5. Age of industrial motor systems broken down by size (Source: DoE, 2021).

The extended lifetime of motors is due to persisting barriers to the uptake of more

efficient motors, identified in [10-12], such as the following:

Efficiency impact. Major energy savings (typically in the range 20-30%) are possible
when the replacement of the old inefficient motor is made with the optimisation of the
whole motor system.

Efficiency ranking. When considering options for efficiency improvements in a com-
pany, motors are considered as low priority compared to other measures, notably due
to the fact that the percentage points gain is limited (though absolute electricity saving
figures are relevant).

Higher initial investment. Companies often decide based on initial upfront invest-
ment rather than on life cycle costs.

Lack of awareness about the additional benefits of energy-efficient motors and motor
systems. The use of higher-efficiency motors and motor systems bring along ben-
efits, such as lower maintenance due to lower operating temperatures or process
improvements, that are often not taken into account in the decision-making process.
Quick availability. When vital plant equipment fails there is a need for it to be brought
on-line again as soon as possible. This means that when a motor fails maintenance
staff will take the quickest action in order to keep downtime at a minimum. This often
means repairing the motor or replacing it with an old motor in stock. Additionally,
repairing a motor is often viewed as being the technically lowest risk option.

Stocks of old motors. Many sites have stocks of older “salvaged” motors and “new
old stock” motors of low efficiency, which are ready to replace a damaged motor
and there is a natural tendency to use these “free” motors rather than purchasing
new motors.

Split goals. Different company departments (production, energy, maintenance, com-
mercial, financial, etc.) often have different immediate goals. Sometimes, lack of
coordination between different departments, together with the low budgets for en-
ergy efficiency projects, may lead to electric motor systems efficiency improvements
being disregarded.
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e  Energy audits. Energy audits are, sometimes, not anchored in the reality of installa-
tions, and sometimes do not identify energy savings opportunities in motor systems,
leading to recommendations that are not practical or cost-effective to implement.

This results in a very aged and inefficient installed stock of electric motors, probably
below IE1 Class at global level (some motors may have been repaired more than once
leading to an efficiency drop), underlining the need to introduce effective policies to reno-
vate the electric motors installed base, raising its efficiency to meet today’s technological
potential and to contribute to addressing climate change mitigation goals.

3. Policy Options

To overcome these barriers, and reap the significant savings possible, implementation
of different policies aimed at increasing the uptake of energy-efficient electric motors is
needed. These policies include the following [11,12,16,17]:

Raising MEPS levels

Financial Incentives

Energy Audit Programs

Raising Awareness and Information Provision

Although minimum energy efficiency regulations for electric motors are in place in all
industrialised countries, raising the level of minimum requirements to meet the most recent
cost-effective technology developments is paramount, particularly in countries where
standards are still at IE2 level. Recent technological development has led to the market
introduction of motors exceeding IE4 and IE5 efficiency levels, using standard induction
motor technology (IE4) and other technologies such as permanent magnet synchronous
motors (PMSM), synchronous reluctance motors (SynRM) and copper rotor induction
motors (IE4 and IE5).

These are all technologically mature solutions that can be scaled up quickly. There is
no reason why MEPS should not accompany these technology developments all the more
so since their application is cost-effective even for a low number of operating hours per
year [18-21].

Financial incentives are a common way of promoting the use of energy-efficient
equipment. Usually, they take the form of rebates, tax incentives or financing programs
and work by lowering the initial investment and improving payback time. This can be a
good option since companies often base their purchasing decisions on upfront cost. One
common option is having the financial incentive equal the price difference between the
lower-efficiency and the higher-efficiency option.

Energy audit programmes can be voluntary or mandatory, respectively encouraging
or requiring companies to carry out energy audits within their facilities. Since motor
systems are such a large energy consumer, energy audits should be specific to these systems
providing a systematic analysis of their key operating characteristics and identifying
opportunities for improved energy performance. In principle, audited companies should
commit to the implementation of cost-effective energy saving measures identified.

All these policy actions should be accompanied by information and awareness raising
campaigns, informing stakeholders such as policy makers, plant operations, production,
maintenance and energy managers, on the significant savings potential made available
by improving the energy performance of electric motor systems. The campaigns should
highlight not only the energy savings possible but also additional benefits that arise from
using high-efficiency motors.

4. The Role of Advanced Motor Technologies

Induction motors are used in the vast majority of industrial applications, due to their
low cost, fairly high efficiency and high reliability, but this dominance is being challenged
by new technologies [22]. Electric motors have been the subject of significant performance
improvements in the last two decades, driven by minimum efficiency regulations, increased
awareness of the importance of energy efficiency and its benefits, as well as by new tech-
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nology developments accelerated by competition among motor manufacturers. Induction
motors are available with efficiencies over IE4 whereas Permanent Magnet Motors and
SynRM motors are available with efficiencies above IE5 level. These motors operate at
synchronous speed, eliminating almost entirely the electrical and magnetic losses in the
rotor, being more efficient and presenting a significantly larger power to weight ratio.
These efficiency gains can provide significant power savings, as can be seen in Figure 6.

8
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1 10 100 1000
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Figure 6. Potential power savings at full load by improvement of motor efficiency class (4-poles,
50 Hz) (Source: Authors).

Most SynRM and PMSM motors require a VSD to operate which makes them an alter-
native to induction motors in applications with variable speed needs. Some manufacturers
have recently introduced line-start models.

Table 1 shows a comparison of motor technologies highlighting features which can be
used to achieve IE4 and IE5 performance. In applications benefitting from variable speed
operation (about 50% of all motor loads), a major technology transformation is likely to
happen. Due to their low cost (IE5 SynRel motors cost about the same as IE3 Induction
Motors), SynRel motors can be used in variable speed applications (e.g., pumps, fans,
compressors) leading to large savings. IE5 PMSM have the highest torque to weight ratio
and can be used in applications requiring large torque or dynamic performance, enabling
in many cases the use of direct drive of the load, avoiding the mechanical transmission
losses in applications such as cooling tower fans, cranes and motion control.

Additionally, these new motor technologies present improved operating characteristics
in part-load operation. As can be seen in Figure 7 the part-load efficiency of SynRel motors
is much improved when compared to induction motors which can translate into significant
energy savings in applications operating at part load some time.

The savings achieved by replacing old inefficient motors can be potentiated if other
associated measures are also implemented at the same time of the replacement, directed not
only at the motor but at the entire motor system. This includes, most importantly, correcting
for possible oversizing, equipping the motors with variable speed/torque control, as well
as smart sensors/digital capabilities.

Motors are most efficient at between 70% and 80% of rated output, with efficiency
dropping sharply below 50% of rated output. This means that extremely oversized motors
are not operating at their best efficiency. Correcting for oversizing can minimise energy use
and subsequently reduce the operation costs. Proper sizing can also improve the power
factor of the installation leading to further energy and cost savings.
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Table 1. Comparison of the main self-cooled three-phase radial-flux motor technologies for industrial
applications Source: Authors with information from [22-24].

Self-Cooled Three-Phase Radial-Flux Motor Technology

Variable-Speed Applications Fixed-Speed Applications
Indicator/Feature (Optimized Supply Voltage and Frequency) (Rated Supply Voltage and Frequency)
Line-Start Line-Start Line-Start
SCIM PMSM SynRM PMSynRM SCIM PMSM SynRM PMSynRM
Cross-sectional topology with
identification of active
materials:
. orange areas: copper L \ = A /A 3 \‘\. < A\ =7
. light grey areas: = y I ) ) B I P~ J ,\ A Al
aluminum ) 24 P =N = L - S, i S
. dark gray areas: steel i =% 1 § i &
. black areas: permanent
magnets
Line-start capability without
VSD yes no no no yes yes yes yes
Requires VSD yes yes yes yes no no no no
Possibility of using an
electronic soft-starter or Y-D n.a. n.a. n.a. n.a. yes no no no
starter
Motor cost $ $5$ $ £ $ $5$ $$ $$
VSD cost $ $ $$ $ na. na. na. n.a.
I{(i)tssdt zf]f;?isglceytzi}t]l;iﬁ;g}tj))r L1 1] o000 eooe eooe oo eooe oo eooe
Typical efficiency class range 1E1-1E4 IE4-1E5 IE3-1E5 IE4-1E5 IE1-1E4 IE3-1E4 IE3-1E4 IE4-1E5
Rated power factor of the
motor oo o000 L oo oo e0oe L e0oe
Efficiency reduction at partial
torque and/or speed ooe (YT (YT ecoe oo ecoe Iy oo
Motor reliability and
robustness o000 o000 o000 o000 o000 L] o000 Ll
Power density (kW /kg) for
standard frame sizes (1] eoooe (X1 eooe oo eooe oo eooe
OVer]Oad Capacity o000 oo o000 oo o000 oo eooe oo
Field weakening LYY eoe eccce ooe na. na. na. n.a.
Very high-speed capability eooe ooe eccee ooe na. na. n.a. n.a.
Thermal limitations LYY YY oo LYY YY) YY) LYY YY oo LYY YY) YY)
Useful hfetlme o000 o000 o000 o000 o000 o000 o000 o000
Technology maturity LYY eece eoe oo LYYYYY oo . .
Electrical
steel core yes yes yes yes yes yes yes yes
VS;(ZEE; yes yes yes yes yes yes yes yes
Active Cooper or
materials aluminum yes no no no yes yes yes yes
and parts cage
Ferrite PMs
in the rotor no no no yes no yes no yes
Rare-earth
PMs in the no yes no no no yes no no
rotor

Symbols and abbreviations: “$” denotes lowest costs, “$$$” denotes highest cost, “eeeee” denotes high; “e”
denotes poor; “n.a.” denotes not applicable or not required. Acronyms: SCIM—Squirrel-Cage Induction Mo-
tor; PMSM—Permanent-Magnet Synchronous Motor; SynRM—Synchronous Reluctance Motor; PMSynRM—
Permanent-Magnet-Assisted Synchronous Reluctance Motor; SRM—Switched Reluctance Motor; PM—Permanent
Magnet; VSD—Variable-Speed Drive (AC-AC converter).
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Figure 7. Efficiency comparison of an 110-kW PDS (Power Drive System) with IE3-class SCIM and
with IE5-class SynRM considering a quadratic-torque load fan or pumping system without static
head. (Source: Authors).

Most motor applications do not require the motor to run at full-speed for their en-
tire operation. On the contrary, processes often operate at different load requirements
(depending on required flow, throughput, etc.). In these cases, matching the speed of the
motor-driven equipment to the load requirement using a VSD instead of, for example a
throttling device, produces significant energy savings [25]. Additionally, the use of VSDs
can lead to better process control, less wear in the mechanical equipment, less acoustical
noise and the elimination of drive equipment such as gears and belts. Motor systems are
made up of several components which all contribute to the overall efficiency of the system
(e.g., controls, transmission, end-use equipment). Therefore, improvements in the entire
motor system lead to the best technical solution and to much larger savings than replacing
the motor alone [26]. Figure 8 shows the possible improvements in a pumping system.

CONVENTIONAL PUMPING SYSTEM
SYSTEM EFFICIENCY = 31% Throttle
Efficiency = 66%
Standard Motor m
Efficiency = 90%
Coupling Pipe
Efficiency = 98% Efficiency = 69%
B
INPUT POWER 100 OUTPUT POWER 31
Pump
Efficiency = 77%
STD 60% OF OUTPUT RATED FLOW

ENERGY EFFICIENT PUMPING SYSTEM
SYSTEM EFFICIENCY = 72%

INPUT POWER 43

Figure 8. Efficiency of a pumping electric motor system, showing the energy saving potential [27].

High Efficiency Motor
Efficiency = 95%

(;oupling Low Friction Pipe
Efficiency = 99% ; Efficiency = 90%

.l OUTPUT POWER 31
More Efficiency Pump

Efficiency = 90%
HEM 60% OF OUTPUT RATED FLOW
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Industry has recently witnessed an increase in the use of digital technologies (sen-
sors and meters connected to a data analysis procedure) applied to electric motor driven
systems [28,29]. Sensors and meters in motor systems can be used to monitor variables
that can give valuable insights into the motor system components operating conditions
and about the process performance (Figure 9), leading to increased efficiency in operations
(operational cost, flexibility, procurement, footprint), energy, materials (circularity) and
emissions. Data are collected or measured and then sent to a centralized cloud computing
platform where information is collected and analyzed to be used to monitor and act in
different industrial processes.

Process
Variable Driven ) Components
i - Motion and
gRest e Equipment — Mechanical

Flow

Controls

[ eFlow ‘

-/

Figure 9. Potential areas of measurements and of application of sensors in motor driven systems
(Source: Authors adapted from [30]).

Digitisation enables motor systems to the following;:

e  Detect if, how much and how long the motor/fan/pump/compressor is operating
at suboptimal conditions (low efficiency, stall conditions, frequent on/off switching,
vibrations etc.).

e  Detect abnormal operation conditions (e.g., leaks in compressed air systems, dirty
filters).

e  Allow for system integration throughout plants, allowing multiple pieces of machinery
to be networked together, optimizing resources.

e  Real-time monitoring of the energy consumption of motors. Information can, on the
one hand, give a better understanding of how and when the energy is being used and,
on the other, provide hints on energy efficiency practices leading to optimization.

These capabilities can provide significant process improvements and, in turn, de-
liver energy savings. Furthermore, knowing what the process needs are in real-time and
feeding this information back to the motor system enables its operation at optimal op-
erating points at all times. This allows, for example, to adjust equipment speed to meet
real-time production demands. Furthermore, processes can be tuned to match predicted
production demands.

Energy efficiency improvements in motor systems bring not only energy savings
(and the associated financial savings), but also several co-benefits such as reduced main-
tenance, reduced down-time, improved reliability, higher flexibility, reduced production
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time, reduced production loss, increased productivity and quality control. They also come
with benefits at societal or macro-economic levels. These societal benefits include impacts
on public health, job creation, poverty alleviation, energy security, public budget or cli-
mate change mitigation. Taking into account these co-benefits can greatly improve the
possibilities for action, by tipping the scale for decision-makers.

5. The Case of the European Union

In the EU-27, Minimum Energy Performance Standards (MEPS) for electric motors
(0.75 kW to 375 kW) were introduced through Commission Regulation 640/2009 [31]
under the Ecodesign Directive (2009/125/EC) [32] in 2009. The regulation followed the
international approach setting efficiency limits at IE2 level in an initial phase (from 2011)
and raising the level to IE3 from 2015 onwards for motors over 7.5 kW and from 2017
onwards for all motor powers covered by the regulation. There was also the possibility of
purchasing IE2 motors if equipped with a VSD.

From July 2021, the regulation was updated by Regulation (EU) 2019/1781 [33] which
expanded the scope of motors covered (e.g., power range, number of poles, inclusion of
brake motors and certain explosive-proof motors). MEPS at IE4 level for motors between
75 kW and 200 kW were also introduced.

The Ecodesign regulation for electric motors has effectively transformed the market
towards higher-efficiency products (Figure 10). Low-efficiency IE1 and IE2 motors have
essentially been removed from the market remaining only in applications where efficiency
is not relevant (e.g., applications with a high number of starts and stops where rotor inertia
is a concern). Most of the motors sold in Europe are now IE3 (69%) and higher-efficiency
IE4 motor sales is growing (4% in 2021).

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

M IEl and below ®WIE2 ®WIE3 IE4

Figure 10. EU motor sales by efficiency class (CEMEP data), 2021.

Although the introduction of efficiency regulation was a most important step in raising
the efficiency of motors sold in the European Union, the long lifetime of motors means that
the installed base is still very inefficient. A preliminary estimate based on the conservative
average lifetimes of 12, 15 and 20 years, depending on the power range (small, medium
and large motors), shows that the current stock of motors is still very inefficient, with over
70% of the motors installed in the EU-27 were still IE2 efficiency class or below in 2020,
and about 40% with IE1 or lower efficiency, as shown in Figure 11. The numbers would
be higher if the average lifetime of motors is greater than assumed, as the recent US and
Swiss studies seem to indicate. For example, considering a lifetime of 20 years across the
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entire power range (0.75 kW to 375 kW) would translate into over 80% of the installed base
remaining below the IE2 efficiency class.
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Figure 11. Estimation of EU-27 motor stock by efficiency class (Source: Authors).

6. Estimation of Potential Impact of Large-Scale Application of Energy-Efficient
Motor Systems

In the EU-27, in 2021, electric motors represented around 900 TWh/year of electricity

consumption [34]. Replacing the persisting inefficient motors still in use in the EU, despite
the Motors Ecodesign Regulations (estimated 70% of the installed base below IE3), would
result in significant savings.

The potential savings achieved by just replacing the motor, correcting for oversizing,

equipping it with a VSD and taking advantage of digitisation are the following:

Assuming an average 4% gain in efficiency, equal to the average difference between
IE1 class and IE3 class motors, translates into savings of 25 TWh/year for the full
replacement of the old inefficient motors (IE2 and below) still in use today. The savings
would be even larger if the replacement is made with the best available technology
motors (IE4 or IE5).

Correct sizing of the motor can reduce energy consumption by up to 5%. Considering
a conservative gain of 2% from replacing old motors with appropriately sized new
units would bring additional savings of 12 TWh/year.

Electronic speed control, achieved by equipping motors with VSDs, can also produce
large savings, typically in the range 15-35%, in applications with variable load profiles.
These applications represent approximately 50% of all applications [10]. CEMEP,
the European industry association of motor manufacturers, estimates the market
penetration of VSDs to be approximately 45% in 2020 [35]. However, in 2012 VSDs
only represented 22% of all motors sold. This means that a large part of existing motors
with variable loads, estimated to be around 35%, are still operated under inefficient
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control methods. If VSDs are installed in these motors alongside motor renovations,
and considering an average saving of 25%, the savings would amount to 26 TWh/year.

e  Electricity savings from digitisation of electric motors were identified in the Prepara-
tory study for the Ecodesign and Energy Labelling Working Plan 2020-2024 [36] to
be in the 5-10% range. If digitisation techniques were applied to the replaced motors
additional savings would be in the range of 31 to 63 TWh/year.

Therefore, the total energy savings which can be achieved by accelerating full motor
replacement are about 100 TWh/year in Europe (approximately the electricity demand of
Belgium). Using an emissions factor for future electricity generation of 200 g CO,eq/kWh
would mean the abatement of 20 Mton of CO,eq per year.

Since the electricity consumption of electric motors in the EU is approximately one
tenth of the worldwide consumption it can be conservatively estimated that the potential
savings for replacing the global stock electric motors to be greater than 1000 TWh/year.

Energy-efficient motor systems present a major opportunity for cost-effective energy
savings and reducing carbon emissions by about 2 Gtons per year [37]. Process industries
are prime targets for large energy and carbon emissions with negative costs as shown in
Figure 12 which presents the potential impact of efficient motor systems in the chemicals
sector. In this sector, efficient motor system have the largest CO, abatement potential with
a negative cost of —60€ per tCO,eq abated.
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Figure 12. Global GHG abatement cost curve for the chemicals sector [38].

Improving the circularity of materials incorporated in electric motors, for example
through trade-in schemes ensuring old motors are properly recycled, could also greatly
improve the impact of energy savings and Green House Gases (GHG) reduction associated
with motor renovation programmes. Electric motors are mainly built with materials that
are recyclable and that have a high value (cast iron, electrical steels, plain carbon steels,
aluminium and copper). Recycling requires much less energy than the production of virgin
materials and, therefore, recirculating materials would greatly reduce emissions currently
associated with primary material production. Steel recycling for example uses 10-15%
of the energy required to produce primary steel and similar figures apply to copper. In
Sweden, ABB and Stena Recycling recently signed a long-term agreement on the recycling
of old electric motors, replacing them with modern high-efficiency motors coupled with
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motor systems optimization (IE5 with variable speed drives and IE4 for fixed speed). The
estimated potential savings are of at least 4 TWh/year, which is about 3% of the total
electricity consumption in Sweden [39].

Nevertheless, it should be noted that the lifecycle impact of electric motors is com-
pletely dominated by its use-phase. The Life-Cycle Analysis carried out in [13] showed
that for motors working 4000 h per year the use phase accounts for over 97% of the total
lifetime GHG emissions. The energy use is even higher at over 98%.

Therefore, the benefits of raising the efficiency of the electric motor stock by early
replacement largely outweighs the initial production impact.

7. Conclusions

Despite the recognition of the importance of electric motors as major consumers of
electricity, both in industry, agriculture and in the tertiary sector, and of the consequent
efforts to promote energy-efficient electric motors by policy makers, manufacturers and
other stakeholders, there is still a very large cost-effective savings potential that remains
to be exploited. Major carbon emissions reduction is also possible, providing a significant
contribution to climate change mitigation.

The savings potential triggered by the implementation of policies to accelerate the full
replacement of old motors in Europe is estimated at 25 TWh/year if these old motors are
replaced by at least IE3 class motors. If measures addressing oversizing, proper controls
(VSDs) and digitisation, are also implemented along with the motor replacement by the
highest efficiency classes, the additional savings triggered can be over 100 TWh/year in
the same region. If similar measures were adopted globally, the savings triggered could
be at least tenfold. These findings highlight the importance of improving the efficiency
of electric motor systems. The large savings identified mean that energy-efficient motor
systems present an opportunity for huge energy and carbon emissions cost-effective savings
that cannot be forsaken. In emerging economies with fast growth of electricity demand
energy-efficient motor systems can slow down the demand growth as well as the required
investments.

However, the rate of replacement of old inefficient motors seems to be far lower than
expected. Even when considering the commonly assumed lifetime of motors (between 12
and 20 years depending on power rating), over 70% of the motors installed in the EU-27
were still IE2 efficiency class or below in 2020. In other parts of the World, with exception
of North America where minimum efficiency standards were earlier enforced in 1997, the
situation is even worse, with the widespread use of old inefficient motors.

Further research is needed to identify innovative policies to bridge this gap and
promote the uptake of highest efficiency motors, drives and motor systems that take into
account past and current practices, identifying shortcomings and best-practices to develop
innovative solutions that help capture these large potential savings and contribute to the
ambitious climate targets set out for the next decades. Involvement of all stakeholders
should be sought in order to achieve the best solutions in terms of reliability, energy, cost
effectiveness and material efficiency.

Author Contributions: Conceptualization, A.T.d.A., F].T.E.F. and ].F; Methodology, A.T.d.A., F].TE.F.
and J.E; Validation, A.T.d.A. and ].F; Formal analysis, A.T.d.A. and ]J.F,; Investigation, J.F.; Data
curation, EJ.T.E.F. and J.F,; Writing — original draft, J.E.; Writing — review & editing, A.T.d.A. and
FJ.T.E.E; Visualization, E].T.E.F. and ].E; Supervision, A.T.d.A.; Funding acquisition, A.T.d.A. and J.F.
All authors have read and agreed to the published version of the manuscript.

Funding: Part of the research results presented were developed as part of the EU-MORE project
(Project 101076631—LIFE21-CET-POLICY-EU-MORE) which is co-funded by the European Union
LIFE2021 programme.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2023, 16, 1248 15 of 16

References

1. United Nations. United Nations Framework Convention on Climate Change (UNFCCC), The Paris Agreement; UNFCCC: Paris,
France, 2015.

2. International Energy Agency. Energy Efficiency 2021; IEA Publications: Paris, France, 2021.

3. Bigano, A.; Ortiz, R.A.; Markandya, A.; Menichetti, E.; Pierfederici, R.; Galarraga, I.; Gonzalez-Eguino, M. The linkages between
energy efficiency and security of energy supply in Europe. In Handbook of Sustainable Energy; Edward Elgar Publishing Ltd.:
Northampton, UK, 2013; pp. 60-83.

4. Cooremans, C. Competitiveness benefits of energy efficiency: A conceptual framework. In ECEEE Summer Study Proceedings;
ECEEE: Stockholm, Sweden, 2015.

5. IEA. World Energy Outlook 2017; IEA Publications: Paris, France, 2017.

6. IEA. World Energy Outlook 2021; IEA Publications: Paris, France, 2021.

7. IEA. Net Zero by 2050 A Roadmap for the Global Energy Sector; International Energy Agency: Paris, France, 2021.

8. IEC 60034-2-1:2014; Rotating Electrical Machines—Part 2-1: Standard methods for determining losses and efficiency from tests
(excluding machines for traction vehicles). International Electrotechnical Commission: Vienna, Austria, 2014.

9.  IEC 60034-30-1:2014; Rotating Electrical Machines—Part 30-1: Efficiency Classes of Line Operated AC Motors (IE Code). Interna-
tional Electrotechnical Commission: Vienna, Austria, 2014.

10. De Almeida, A.T.; Fong, ].; Falkner, H.; Bertoldi, P. Policy options to promote energy efficient electric motors and drives in the EU.
Renew. Sustain. Energy Rev. 2017, 74, 1275-1286. [CrossRef]

11. De Almeida, A.T.; Fonseca, P; Ferreira, F.; Guisse, E; Blaise, J.; Clair, E.; Diop, A.; Previ, A.; Dominioni, A.C.; Di Pillo, M;
et al. Improving the Penetration of Energy-Efficient Motors and Drives; EU SAVE Programme (Specific Actions for Vigorous Energy
Efficiency); Report for the European Commission; European Commission: Brussels, Belgium, 2000.

12. Waide, P.; Brunner, C.U. Energy-Efficiency Policy Opportunities for Electric Motor-Driven Systems; IEA Energy Papers; OECD
Publishing: Paris, France, 2011.

13. De Almeida, A.T.; Fonseca, P.; Ferreira, F.; Fong, J. Ecodesign Directive Preparatory Study—EuP Lot 11 Motors; ISR-University of
Coimbra for the European Commission (DG-TREN): Coimbra, Portugal, 2008.

14. Werle, R.; Brunner, C.; Tieben, R. Swiss motor efficiency program EASY: Results 2010-2014. In Proceedings of the ACEEE Summer
Study on Energy Efficiency in Industry, Buffalo, NY, USA, 4-6 August 2015.

15.  Rao, P; Sheaffer, P; Chen, Y.; Goldberg, M.; Jones, B.; Cropp, J.; Hester, J. U.S. Industrial and Commercial Motor System Market
Assessment Report Volume 1: Characteristics of the Installed Base; DoE: Washington, DC, USA, 2021.

16. Motor Study Group. Actions to Promote Energy Efficient Electric Motors; EU SAVE Programme (Specific Actions for Vigorous Energy
Efficiency); Report for the European Commission; European Commission: Brussels, Belgium, 1996.

17.  Fleiter, T.; Eichhammer, W. Energy Efficiency in Electric Motor Systems: Technology, Saving Potentials and Policy Options for Developing
Countries; United Nations Industrial Development Organization: Vienna, Austria, 2012.

18. Almeida, A.d.; Falkner, H.; Fong, J. Ecodesign Directive Preparatory Study-Lot 30: Motors and Drives; ISR-University of Coimbra for
the European Commission (DG-Energy): Coimbra, Portugal, 2014.

19. Mahlia, TM.IL; Yanti, PA.A. Cost efficiency analysis and emission reduction by implementation of energy efficiency standards for
electric motors. J. Clean. Prod. 2010, 18, 365-374. [CrossRef]

20. Gomez, J.R.; Quispe, E.C.; Castrillon, R.D.P,; Viego, P.R. Identification of Technoeconomic Opportunities with the Use of Premium
Efficiency Motors as Alternative for Developing Countries. Energies 2020, 13, 5411. [CrossRef]

21. Gomez, J.R,; Sousa, V.; Eras, ].J.C.; Gutiérrez, A.S.; Viego, PR.; Quispe, E.C.; de Ledn, G. Assessment criteria of the feasibility of
replacement standard efficiency electric motors with high-efficiency motors. Energy 2022, 239, 121877. [CrossRef]

22. De Almeida, A.T; Ferreira, FJ.T.E.; Baoming, G. Beyond Induction Motors—Technology Trends to Move Up Efficiency. IEEE
Trans. Ind. Appl. 2014, 50, 2103-2114. [CrossRef]

23. Heidari, H.; Rassolkin, A.; Kallaste, A.; Vaimann, T.; Andriushchenko, E.; Belahcen, A.; Lukichev, D.V. A Review of Synchronous
Reluctance Motor-Drive Advancements. Sustainability 2021, 13, 729. [CrossRef]

24. Yilmaz, M. Limitations/capabilities of electric machine technologies and modeling approaches for electric motor design and
analysis in plug-in electric vehicle applications. Renew. Sustain. Energy Rev. 2015, 52, 80-99. [CrossRef]

25. Errigo, A.; Choi, J.-K.; Kissock, K. Techno-economic-environmental impacts of industrial energy assessment: Sustainable industrial
motor systems of small and medium-sized enterprises. Sustain. Energy Technol. Assessments 2022, 49, 101694. [CrossRef]

26. De Almeida, A.; Fong, J.; Brunner, C.; Werle, R.; Van Werkhoven, M. New technology trends and policy needs in energy efficient
motor systems—A major opportunity for energy and carbon savings. Renew. Sustain. Energy Rev. 2019, 115, 109384. [CrossRef]

27. De Almeida, A,; Ferreira, ].T.E.F,; Both, D. Technical and Economical Considerations in the Application of Variable-Speed Drives
With Electric Motor Systems. IEEE Trans. Ind. Appl. 2005, 41, 188-199. [CrossRef]

28. Kulterer, K. Report on the EMSA Survey on Digitalization in Electric Motor Driven Systems; IEA-EMSA: Zurich, Switzerland, 2021.

29. Hakansson, L.; Hockerman, J. Impact of Digitalization on Electrical Motor Systems; School of Business, Society and Engineering,
Malardalens University: Vésteras, Sweden, 2020.

30. Kaulterer, K.; Dawody, J.; van Werkhoven, M.; Widerstrom, G. Classification of digitalisation technologies for electric motor driven

systems. In IEA 4E Electric Motor Systems Annex; IEA Publications: Paris, France, 2022.


http://doi.org/10.1016/j.rser.2017.01.112
http://doi.org/10.1016/j.jclepro.2009.11.005
http://doi.org/10.3390/en13205411
http://doi.org/10.1016/j.energy.2021.121877
http://doi.org/10.1109/TIA.2013.2288425
http://doi.org/10.3390/su13020729
http://doi.org/10.1016/j.rser.2015.07.033
http://doi.org/10.1016/j.seta.2021.101694
http://doi.org/10.1016/j.rser.2019.109384
http://doi.org/10.1109/TIA.2004.841022

Energies 2023, 16, 1248 16 of 16

31.

32.

33.

34.

35.
36.

37.
38.
39.

European Commission. Commission Regulation (EC) No 640/2009 of 22 July 2009 implementing Directive 2005/32/EC of
the European Parliament and of the Council with regard to ecodesign requirements for electric motors. Off. J. Eur. Union
2009, L191, 26.

European Commission. Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 establishing a
framework for the setting of ecodesign requirements for energy-related products (recast). Off. J. Eur. Union 2009, L285, 10-35.
European Commission. Commission Regulation (EU) 2019/1781 of 1 October 2019 laying down ecodesign requirements for
electric motors and variable speed drives pursuant to Directive 2009/125/EC of the European Parliament and of the Council,
amending Regulation (EC) No 641/2009. Off. J. Eur. Union 2019, L272, 74-94.

EUROSTAT. Electricity and Heat Statistics. 2022. Available online: https://ec.europa.eu/eurostat/statistics-explained /index.
php?title=FElectricity_and_heat_statistics (accessed on 12 September 2022).

CEMERP. Energy Efficiency with Electric Drive Systems; CEMEP: Brussels, Belgium, 2015.

Maagpe, V.; VHK. Preparatory Study for the Ecodesign and Energy Labelling Working Plan 2020-2024; European Commission, DG
GROW: Brussels, Belgium, 2021.

IEA. World Energy Outlook 2019; IEA Publications: Paris, France, 2019.

McKinsey & Company. Pathways to a Low Carbon Economy; McKinsey & Company: Mumbai, India, 2013.

Stena Recylcling. An ABB and Stena Recycling Collaboration Towards a More Sustainable Industry. 2019. Available online: https:
/ /www.stenarecycling.com/news/an-abb-and-stena-recycling-collaboration-towards-a-more-sustainable-industry / (accessed
on 18 September 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_and_heat_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_and_heat_statistics
https://www.stenarecycling.com/news/an-abb-and-stena-recycling-collaboration-towards-a-more-sustainable-industry/
https://www.stenarecycling.com/news/an-abb-and-stena-recycling-collaboration-towards-a-more-sustainable-industry/

	Introduction 
	Efficiency of Installed Base 
	Policy Options 
	The Role of Advanced Motor Technologies 
	The Case of the European Union 
	Estimation of Potential Impact of Large-Scale Application of Energy-Efficient Motor Systems 
	Conclusions 
	References

