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Abstract— The electrification of transportation is a pivotal step
towards sustainable and environmentally conscious mobility.
However, as the adoption of electric vehicles (EVs) and associated
technologies continues to grow, the need for effective strategies to
manage end-of-life components becomes increasingly crucial from
both sustainability and economic standpoints. Obtaining essential
rare-earth (RE) materials such as cobalt, lithium, neodymium, and
terbium has become progressively more difficult and costlier.
Furthermore, the extraction and processing of these materials
produce significant carbon emissions and release harmful toxins.
The economic value of the materials and components in EVs is
generally 20-30% higher than that of conventional internal
combustion engine (ICE)-based vehicles due to the increased use
of lightweight and RE materials in batteries and electric motors.
This paper aims to address the imperative of closing the loop on
the circular economy within the realm of transportation
electrification, with a specific focus on electric drives (i.e., power
electronics and electric machines) as well as batteries with reuse,
repurposing, and recycling technologies.

Index Terms— Carbon emission, circular economy, eco-design,
end-of-life, externally excited synchronous machine, induction
motor, lithium-ion battery, permanent magnet synchronous
motor, recycling, rare-earth materials, sustainability, switched
reluctance motor.

L INTRODUCTION

HE global shift toward sustainable development has

become increasingly urgent. The electrified

transportation industry has emerged as one of the
fastest-growing sectors, particularly with the rising adoption of
electrified vehicles such as hybrid electric (HEVs) and electric
vehicles (EVs). However, the surging demand for EVs brings
the challenge of managing materials and components at the end
of their life cycle. The conventional linear economy approach
leads to the disposal of these components as waste, contributing
to environmental pollution and economic loss. This model also
accelerates resource depletion, generates hazardous waste, and
limits the potential for reuse and recycling.

The powertrain of HEVs and EVs comprises several key
components, including the internal combustion engine (ICE),
which provides mechanical power; the electric machine,
responsible for electromechanical energy conversion; the
energy storage system (battery), which stores and supplies

§548

End of life

Use disposal
Design for sustainability ‘@)Lon r/Multi-
purpose use

@ Recycling

@ Reuse

@ Repurposing/
Refurbishing

Waste and
emission

Fig. 1. Circular economy for EVs, including design for
sustainability.

electrical energy; and the power electronics, which control the
flow of energy between the battery and motor, and other
components [1]. This paper emphasizes the need to transition to
a circular economy within transportation electrification, with a
particular focus on batteries, power electronics, and electric
machines, as illustrated in Fig. 1.

The first pillar of closing the circular economy involves
longer/multi-purpose use and reuse, emphasizing the
refurbishment and redeployment of power electronics, electric
machines, and batteries. By intensifying the use and extending
the lifespan of these components through rigorous testing,
refurbishment, and upgrade protocols, their utility can be
maximized before considering recycling or disposal. Relevant
technologies include integrated chargers [2], [3], [4], [5], [6],
[7], [8], [9], multi-functional inverters for EV charging
applications [10], and EV battery swapping and refurbishing
[11], [12], [13].

The next crucial aspect is repurposing, where retired power
electronics, Dbatteries, and electric machines find new
applications beyond their original design. This involves
adapting and modifying these components for alternative uses,
thereby extending their functional life, and contributing to a
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Fig. 2. Critical raw materials from EVs and demand forecasts for 2030 [23].

more sustainable and versatile electric ecosystem. To support
these principles, this paper will delve into technological
advancements and collaborative initiatives that facilitate the
circular economy in transportation electrification. Case studies
and ongoing research projects, including second life EV
batteries and electric machines in stationary [14], [15], [16],
[17], [18] and mobile [19], [20], [21], [22] applications, will be
introduced in detail.

The last pillar revolves around recycling practices tailored
for power electronics, electric machines, and batteries. We
explore innovative recycling methods that extract valuable
materials from retired components, promoting a sustainable
supply chain for critical elements like rare-earth (RE) materials
and reducing the overall ecological footprint of electric
transportation systems. This article aims to provide an in-depth
overview by exploring existing and state-of-the-art recycling
technologies, as well as future trends, for batteries [23], [24],
electronic components (e.g., printed circuit board (PCB)) [25],
[26], [27], [28], [29], [30], [31], [32], and RE materials [33],
[34], [35], [36], [37], [38].

The expected demand for critical raw materials and RE
elements driven by projected EV market growth in the EU by
2030 is depicted in Fig. 2. The left bar graph highlights the
demand for cobalt and graphite in EV batteries, while the right
graph illustrates the demand for neodymium, praseodymium,
and dysprosium in traction motors. This rising demand must be
addressed through either the primary route of mining raw
materials or the secondary route of recycling. While much
attention has been paid to improving the performance and
efficiency of electric machines, the sustainability aspects, such
as carbon emissions, environmental load unit (ELU), and raw
material cost of traction motors with different topologies,
remain largely unexplored. The research in [39] offers a review
of carbon emissions in the manufacturing of electrical machines
and compares the emission values of various materials
commonly used in different components of electric machines.
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This paper aims to shed light on the neglected dimension of
electric machine design by providing a comprehensive review
of sustainability factors, including carbon emissions, ELU, and
cost in manufacturing. By comparing the sustainability aspects
of the main components of electric machines with different
topologies, we significantly contribute to the broader discussion
on sustainable electric machine design.

This paper advocates for a holistic approach to circular
economy principles in  transportation electrification,
emphasizing the reuse, repurposing, and recycling of electric
drives and batteries. This paper will also discuss potential ways
to strengthen the circular economy by introducing innovative
design methodologies and material selections before
manufacturing EVs, namely design for sustainability, as
illustrated in Fig. 1 and 2. This paper is organized as follows.
Section II presents the concept of longer and multi-purpose use
in electrified transportation to maximize power electronics and
electric machine utilization factors. Section III investigates the
reuse and repurposing of existing components such as EV
batteries, methods to prolong their lifespan, and novel uses
beyond their initial intent. This section also delves into
recycling methodologies to extract valuable materials from
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Fig. 4. (a) Concept of integrated on-board charger [42], and (b) multi-purpose use of battery swapping stations [43].

existing power electronics components at the end of their
lifecycle. Section IV details the materials used to make the
various parts of the electric machines. The sustainability aspects
of electric machines, including carbon emissions, ELU, and
costs, are quantified using established equations and data from
the literature review. Additionally, it will explore alternative
electrical machine topologies based on design-for-reuse, which
allows for the efficient recovery and reuse of its components.
Lastly, the conclusion highlights key findings and their
implications, underscoring the contributions of this study.

IL. LONGER AND MULTI-PURPOSE USE

The concept of longer and multi-purpose use in
transportation proliferates due to electrification, where the
vehicles are connected to the power grid through charging
infrastructure becoming an integral part of an existing system,
as shown in Fig. 3. The unique nature of electrified systems
gives an opportunity to intensify the use of the systems in
multiple purposes alongside its main functionality. For
instance, the average use of passenger vehicles is approximately
one hour per day, which is less than a 5% utilization factor [42].
From a sustainability perspective, increasing the utilization
factor to its maximum is critical as it means that energy and
resources are being used more efficiently, leading to less waste.
There have been several innovations in electrified
transportation where some of the key building blocks of the
propulsion systems are functionally integrated and shared.

A. Integrated On-Board Charger

Integration of on-board charger (OBC) with the propulsion
system [2], [3], [4], [5], [6], [7], [8], [9], [10] is one way of
maximizing the power electronics and electric machine
utilization factors, as shown in Fig. 4 (a). Integrated OBCs often
use inverter power electronics and motor windings to perform
AC-DC conversion for charging. This repurposing means that
the inverter, which is typically only used while driving, now has
an additional charging function, increasing its operational time
and utilization.

B.  Grid Integrated Battery Swapping Stations

It has also been reported that battery swapping stations
(BSSs) for EVs can be utilized as stationary energy storage
systems (ESSs) to support the power grid, as shown in Fig. 4(b)
[11], [12], [13]. The batteries in BSSs serve as an ESS,
supplying power to mobile or stationary loads during grid
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Fig. 5. Simplified closed-loop system for EV batteries [40],
[41].

outages or renewable energy source downtimes. The non-
dispatchable nature of renewable energy often leads to supply-
demand mismatches, causing fluctuations. These fluctuations
can be managed by integrating BSSs with the grid, where the
BSS not only provides swapping services for EVs but also
contributes services to the grid [44]. By offering cost-effective
electricity during peak hours or periods of non-availability,
BSSs demonstrate up to a 35% reduction in consumer
electricity costs during peak hours and an 8.8% reduction in
overall costs during 24-hour operation [45].

III. REUSE AND REPURPOSING

Since lithium-ion batteries were introduced to the market in
the early 1990s, their demand has steadily increased due to their
high energy density and superior performance. This trend has
been primarily driven by the electrification of transportation,
which accounts for over 60% of the total demand. However, the
surge in battery demand has raised concerns about the long-
term availability of raw materials and waste management.
While finding sustainable sources for these materials is crucial,
maximizing the use of existing batteries is a more effective and
viable solution.

A simplified life cycle of EV batteries within a circular
system is depicted in Fig. 5. Depending on the degree of
disassembly and the condition testing, these batteries can either
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be repurposed for second life applications or sent for recycling.
When electric vehicle (EV) batteries degrade to around 80% of
their original capacity, they are typically considered unsuitable
for electric mobility, marking the end of their first life. These
batteries can be repurposed for various second life applications,
including renewable energy systems, energy storage, fast
charging facilities, peak shaving, and residential building
infrastructure until their capacity diminishes to approximately
30% [46], [47].

The lifespan of second life batteries varies significantly
depending on their use, ranging from around 6 years in grid and
off-grid stationary applications to up to 30 years in mobile
applications, such as supporting EV charging stations and
powering small electronic devices [40], [47]. Proper
management, such as maintaining optimal charge levels and
avoiding deep discharges, can significantly extend the lifespan
of second life batteries. Additionally, advancements in battery
management systems for second life applications are improving
their durability and reliability. Projections indicate that global
second life battery capacity will grow from 55 GWh in 2024 to
approximately 953 GWh by 2030 [48]. Ultimately, once these
batteries can no longer store energy effectively, they are
directed to recycling, as illustrated in Fig. 5 and Fig. 6. Details
of the EV battery recycling process are discussed in the
following section.

EV batteries are well-suited for stationary or industrial
storage applications where performance, space, and weight
requirements are less stringent than in automotive applications.
Numerous pilot projects have demonstrated the use of EV
batteries in stationary applications, as shown in Fig. 7 (a) and

(b)
Fig. 7. (a) Pack-level 2"-use ESS [49], [50] and (b) module-
level 2™-use ESS [51], [52].

(b). There are two main methods for integrating EV batteries
with the power grid: 1) pack-level integration and 2) module-
level integration. In pack-level integration, the entire EV
battery pack, including its original housing and battery
management system, is used to minimize additional work
related to disassembly and repackaging. Each battery module is
disassembled from the pack and repackaged in module-level
integration, as shown in Fig. 7 (b). This method provides greater
flexibility regarding voltage, power, and overall system size
compared to pack-level integration.

This integration leads to module cost savings by reducing
inventory costs, replacement costs, and other components.
Additionally, the high-energy density characteristic of EV
batteries allows more energy to be stored in a container than
conventional energy storage modules. Second life batteries also
offer additional societal benefits. From a carbon perspective,
one MWh of second life batteries represents approximately 450
metric tons less embodied carbon than one MWh of first-life
batteries [53]. This reduction in carbon intensity mainly comes
from manufacturing processes. However, the two primary
lithium  extraction methods also have considerable
environmental impacts: brine extraction requires about half a
million gallons of water to produce enough lithium for a
megawatt-hour of lithium iron phosphate batteries, while hard
rock mining is highly energy-intensive. Both methods can also
result in pollution, contaminating groundwater and surface
water with toxic chemicals and acid mine drainage [53], [54].

EV batteries are designed for high range and high-power
performance rather than cyclic lifetimes. Still, this optimization
does not align well with the high cyclic lifetime requirements
of energy storage systems, mitigating their advantages.
Additionally, cost benefits are not as significant because second
life batteries incur expenses from direct replacement costs and
installation, transportation, and system downtime. Moreover,
the battery management system (BMS) in EV batteries must be
updated when battery modules are repurposed for second life
applications. Liability is a crucial consideration for second life
batteries. The varying lifetimes of connected battery modules
in these applications necessitate a new safety standard. The
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existing test standard, IEC 62933-5-3, does not account for
adapting testing standards to include battery systems made from
used components. It does not address how the varying quality
of used batteries affects testing representability [55].

V. RECYCLING

By 2050, the annual generation of waste electrical and
electronic components is projected to reach 120 million tons,
given the current reuse and recycling rates, which remain
relatively low (e.g., less than 20% of e-waste is currently
collected and recycled) [56], [57]. Within the circular economy
paradigm shift, recycling should be integrated into the product
lifecycle, following stages such as multi-purpose use, reuse, and
refurbishing.

A. Recycling of Batteries

From 2023 to 2040, global demand for lithium will grow
870%, 210% for nickel, 390% for graphite, and 220% for
cobalt. Due to this surge, it is anticipated a parallel growth in
the battery recycling industry through several distinct,
potentially non-competitive technologies [58]. As discussed
earlier, battery systems with energy capacities below 80% are
no longer suitable for use in EVs. Depending on the degree of
disassembly and the condition testing, these batteries can either
be repurposed for second life applications or sent for recycling.
The modules or individual cells that are still well-functioning
can be extracted from the battery pack and start the second life
in alternative applications with less restricted performance
requirements, such as stationary energy storage.

Ultimately, EV batteries must be recycled after their first or
second life. In this process, an attempt is made to recover as
many components of a lithium-ion battery as possible as raw
materials for new batteries. Before the batteries are dismantled
into their individual parts, they must be completely discharged.
This is done to avoid the risk of dangerous contact voltage or
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Fig. 9. Schematic representation of various recycling
technologies within the lifecycle of a lithium-ion battery [62].
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fire and to use the residual energy that is still stored in the
battery [47].

Various technologies are utilized for recycling lithium-ion
batteries, including pyrometallurgical, hydrometallurgical, and
direct methods, as well as their combinations, each offering
distinct benefits and drawbacks. The basic principle of these
three technologies is presented in Fig. 8. The first,
pyrometallurgical recycling (smelting), is designed to process
various battery chemistries in a single step, focusing on
recovering valuable metals like cobalt, nickel, and copper.
However, materials like aluminum and lithium often end up in
slags and are not typically recovered due to economic reasons.
The overall metal recovery, particularly lithium, is less than that
achieved with alternative methods. The mixed metal fraction
obtained from this process, containing cobalt, nickel, copper,
and iron, can be repurposed for alloy production [41].
Subsequent hydrometallurgical treatment is then required to
refine the metals for battery manufacturing. Pyrometallurgical
recycling is currently the dominant industrial recycling
technology for lithium-ion batteries [41], but it is energy-
intensive and has the highest environmental impact [59], [60].

The second approach, hydrometallurgical recycling, is the
best available technology due to its high mineral recovery rates
and relatively low environmental footprint [59]. It uses liquid
solutions to separate minerals. This method uses liquid
solutions to separate minerals and requires detailed
disassembling and careful sorting of battery chemistries to
avoid contamination. Although it is resource-intensive
regarding the use of several reagents for hydrometallurgical
treatment, this technique can recover cathode materials, battery-
grade lithium carbonate, and a significant portion of aluminum
[41], [59].

The third category, often referred to as direct recycling,
involves processes tailored to specific battery chemistries.
These methods aim to recover active materials directly,
enabling their immediate reuse in cell production. The
Schematic representation of the three recycling technologies
within the lifecycle of a lithium-ion battery is depicted in Fig.
9. Direct recycling is energy-efficient, resource-saving, and
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TABLE. 1. COMPARISON OF FEATURES ACROSS VARIOUS LITHIUM-ION BATTERY RECYCLING TECHNOLOGIES [41], [58],
[59], [60], [62], [70], [71], [72].

Hydrometallurgical (Leaching)

Direct recycling

Recycling method Pyrometallurgical (Smelting)
Maturity of the method Commercial
Environmental impact Highest

Energy intensity Highest
Nickel and cobalt

Material recovery rates recovered in alloy,

relatively low lithium recovery

Redwood Materials, Sumitomo,

Key Players/Companies Umicore, Ecobat Solutions

highly effective but demands homogeneous cell chemistries for
optimal results [41], [59]. The advantages and disadvantages of
each method, along with the companies actively involved in
each recycling technology, are summarized in Table 1.

B.  Recycling of Power Electronics

As a critical element of all electrical and electronic devices,
waste printed circuit boards (WPCBs) are a key focus for
treating waste electrical and electronic equipment, including
devices like inverters, control units, and power distribution
boxes. The recycling process of WPCBs involves pre-
processing and deep treatment stages. During pre-processing,
electronic components are removed from the surface of the
WPCBs. Various separation methods, such as mechanical,
pyrogenic, pyrolysis, wet, and bioleaching techniques, have
been developed to reclaim raw materials from bare PCBs [25],
[26], [63], [64], [65], [66], [67], [68], [69]. Additionally,
WPCBs are treated with a stripping solution to dissolve
precious metals, typically gold, silver, and platinum, when the
electronic components are damaged. These components can be
reused and resold if they remain undamaged.

The conventional method for recycling WPCBs includes
manually disassembling, acid washing in a container for
precious metals recovery, or removing plastic by open burning.
Then, Smelting, electrolysis, and hydrometallurgical processes
were applied to refined metals, as shown in Fig. 10. The process
begins with disassembly, which is carried out by heating and
manually separating electronic components [65]. While this
method is straightforward, it suffers from low efficiency,
operator safety concerns, and significant environmental
pollution due to the release of toxic gases [66]. Following
disassembly, precious metals can be recovered using one of two
methods: acid washing or hydrometallurgy. In the acid-washing
method, electronic components are immersed in a solution to
dissolve the precious metals. Once dissolution is complete, heat
is applied to remove excess acid, releasing toxic gases, and the
precious metals are collected afterward.

Regarding the hydrometallurgy process, the first step after
disassembling is open burning. The uncontrolled disassembly
temperature causes the damage of usable components and the
decomposition of non-metallic materials to produce toxic gases.
Plastics in the WPCBs can be effectively removed from this

Pre-commercial to commercial

cobalt, lithium, and manganese

Lab to pre-commercial

Medium Lowest
High Lowest
90-99% nickel, 90% nickel and cobalt,

50% lithium

ReCell Center, Lohum,
Princeton NuEnergy, Li
Industries, OnTo Technology

Ascend Elements, Li-Cycle.
Cylib, American Battery
Technology (ABTC)

process, and a metal-rich residue can be obtained. Afterward,
smelting is needed to transform metal-rich residue into rough
metal plates. Then, these metal plates are wused for
electrorefining to remove copper. The anode slime, which
contains the precious metals, undergoes a hydrometallurgy
process to obtain the noble metals [64].

Since the conventional method of recycling WPCBs contains
demerits like usable component damage due to temperature in
disassembly, release of toxic gases to the operators, etc.,
research is being conducted to find more effective ways of
recycling [63], [65]. The integrated process of recycling of
WPCB/ECs with clean and cost-effective methods is shown in
Fig. 11. In this method, the basal plate and ECs are separated
first. Some common methods include heating, mechanical
grinding, and chemical dissolution [67]. After that, various ECs
are sorted out. Unique tests should be performed for each
component to check whether it can be reused [68]. Most power
electronic PCBs in EVs include components like power
inductor cores and heat sinks. These components can be reused
if a PCB has not undergone physical damage. Then, the
damaged electronic components and basal plates undergo
mechanical crushing, pyrolysis, or supercritical flow processes
to reduce the size of the raw materials. Afterward, electric,
magnetic, pneumatic, or froth flotation is performed to separate
metals and non-metals. Research findings have shown that the
non-metallic part of a PCB can be around 65%-70% of its
weight [65]. Finally, hydrometallurgy, thermo-metallurgy, etc.,
is used to extract precious metals, while non-metal parts can be
further recycled by using this process [69].

Another way to create a circular economy concept for EV
vehicles is by manufacturing the basal plate of the power
electronic circuits using recyclable materials. Typically, these
PCBs are made of epoxy resin with glass fiber reinforcement,
which makes them difficult to recycle [65]. A polymer called
Vetrimer is used to replace the resin and create new PCBs that
can be recyclable and reusable. When such a PCB becomes
unusable, tetrahydrofuran solvent can be used to dissolve the
Vetrimer and obtain the undamaged components. Moreover,
findings indicate that 98% of Vetrimer and 91% of the solvent
can be used again [73], [74].

There is an increasing trend of using artificial intelligence
(AI), machine vision, and automation in PCB disassembling
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process. An automatic system for efficient disassembling of
electronic components is recorded in [75]. In this system, the
primary machine in the cell is a commercial Lead-free soldering
system. Apart from that, it has a two-axis manipulator with a
vacuum gripper to extract electronic components from the PCB
and a central control unit to manage and automate. The wave
soldering system was reconfigured for desoldering. After
manually loading the PCB onto a conveyor, it moves over a
preheating plate. Then, the molten metal wave desolders the
connections. Finally, the manipulator plucks the components
safely. According to the results, the system could remove 450
microprocessors from 50 boards without damaging them and
allow them to be reused without additional processing.
Moreover, it was tested up to the desoldering of multiple SMD
components, including up to nine microprocessors, within a
total time of 137 seconds.

Al and machine vision are utilized to classify electronic
components in [76]. This method has an accuracy of 80%, and
more precious metals can be recovered than traditional methods.
The experimental setup in this work has two hardware
platforms. One hardware platform is for model building and the
other one is for deployment. This was done due to the
significant computational effort required at various stages. The
selected software solution utilizes YOLOVS, a real-time object
detection system based on convolutional neural networks.
Moreover, this model was extended using transfer learning to
recognize selected electronic components directly on the board.
It enabled the detection of electronic components like resistors,
electrolytic capacitors, non-electrolytic capacitors, inductors,
and ICs.

Several strategies can be implemented to create a circular
economy for power electronic boards and components.
Recycling and reusing are needed to reduce the number of
heavy metals and toxic materials entering the environment.
Efficient and safe removal of electronic components can be
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,

Disassembly
(heating, mechanical grinding, chemical dissolving)

v

Electronic components

Basal plate

v

Usable components

v

Damaged components

ﬁI

Mechanical crushing,
pyrolysis,supercritical flow

v

Separation (electronic, magnetic,
pneumatic, forth flotation)

I
v

v

Metals MNon-metal
“» Hydrometallurgy || Thermometallurgy Ceramics Glass
Plastics
Y Y
Purification Refining i

Further recycling

Fig. 11. Clean and cost-effective integrated recycling process for
WPCBV/ECs, featuring mechanical crushing and precise material
separation [63].
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achieved by utilizing novel recycling methods. These involve
advanced disassembly techniques such as mechanical grinding,
chemical dissolution, and automated systems incorporating Al
and machine vision. Innovative materials also play a crucial
role. Manufacturing PCBs using recyclable materials rather
than conventional epoxy resin allows for the PCB to be
dissolved and the components can be recovered and reused.
This significantly improves the recyclability of the components.
Automation and Al enhance the efficiency and safety of
recycling processes. Automated systems for disassembling and
classifying electronic components, utilizing techniques such as
real-time object detection and transfer learning, improve the
accuracy and speed of component identification and recovery.
Integrating these strategies into the industry can make power
electronic boards and components sustainable. It will enhance
the circular economy while minimizing waste and maximizing
resource recovery.

C. Recycling of Electric Machines

A graphical representation of the circularity for electric
machines is depicted in Fig. 12, summarizing the possible
circular loops for the reuse, remanufacture, upgrade, and
recycling of electric machines with respect to the involved
components. Function recovery, also known as value retention,
aims to maximize the functional value of electric motors by
promoting reuse, remanufacturing, and upgrades [77].

Recycling involves the process of converting material that
would otherwise be considered waste, into materials for
different products. The electric machine is dense with
aluminum, steel, copper, and RE magnets (where used), which
can find application in several different products. In this case,
the electric machine should go through complete
disassembly/crushing operations before being dismantled and
materials recovered. Several processes, from mechanical to
chemical, are needed. Disassembly of electric motors may
include operations such as unscrewing, disassembling
components from the case, extraction of PMs (if present),

Permanent Magnet
Aluminum
Steel
Copper

separation of windings from the main stator core, and
disassembling of shafts. Whereas all these operations can be
performed manually, the quest for making the circularity of
electric machines a competitive business approach requires a
push for full or partial automation.

The disassembly of PMs from motors must be addressed
quite carefully. Moreover, such disassembly strategies change
with the type of electric machines. In the case of IPM, their
extraction can be performed with rotor-specific ejectors that
press out the magnets from their rotor segments, while in SPM,
the rotor needs to be freed of the bandages before magnet
extraction. Removal of the bandage needs thermal softening of
the glue. Then, the magnets are shorn off with a nonmagnetic
wedge [77], [78]. With respect to recycling, the main issues
concern the separation of different RE materials and, later, the
remanufacturing of PMs according to the specific recipe. For
raw material recovery, various approaches and processes have
been developed in recent years, which can be classified into
gas-phase  extraction, pyrometallurgical methods, and
hydrometallurgical methods such as hydrogen decrepitation,
sintering, machining, and coating [77], [78], [79].

V.

The electric machine in the traction system is used to convert
the electrical energy into mechanical motion and vice versa.
The growing dependence on electric machines in the sector
necessitates a thorough design approach that extends beyond
their operational phase. While efficiency improvements are a
primary focus, it is crucial also to consider the environmental
impact of the manufacturing processes [80], [81], [82], [83],
[84]. Carbon emissions from raw materials can account for up
to 90% of the total emissions during the manufacturing phase
of electric machines [39]. This section aims to concisely
calculate and compare the carbon emissions and ELU of the
active and passive components across various electric machine
topologies used in traction applications. By systematically
evaluating these results, we can provide valuable insights for

SUSTAINABILITY ASPECTS OF ELECTRIC MACHINES
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TABLE. 2. CARBON EMISSION FACTORS, ENVIRONMENTAL LOAD UNIT, AND ESTIMATED COST OF RAW MATERIALS
COMMONLY USED IN ELECTRIC MACHINES

Component Active components Passive components
P Winding Magnet Lamination| Housing Shaft Bearing |Insulation Reference
Material Cu Al | NdFeB | SmCo | Silicon steel | Al alloy (Carbon steel Chrome steel Aramid
Carbon emission
factor [KgCO/Ke] 4 9 25 60 2 8 3 2 11 [39], [85]
Environmental load
unit [ELU/Kg] 131 | 0.16 | 200 1200 1 0.16 1 1 - [86], [87]
[88], [89],
Cost [US$/Kg] 8.5 2.7 50-210 2.4 2.7 0.8 12.4 [90]. [91]
electric machine designers and encourage more sustainable and ~ NdFeB, offer superior temperature stability and coercivity but
environmentally conscious practices within this industry. emit 60 KgCO»/Kg.
Lamination

A. Carbon Emission of Electric Machines Raw Materials

This subsection outlines the carbon emission factors
associated with commonly used materials for both active and
passive components in electric machines. Active components,
such as windings, soft magnetic materials, and magnets, are
crucial for energy conversion. Selecting the appropriate core,
magnet, and winding materials for active components is vital,
as the efficiency of the electric machine is closely linked to the
energy losses from these parts. Passive components include the
housing, shaft, bearings, and insulation systems, where the
main considerations are the physical and structural properties
of the materials. In terms of carbon emissions, the total
emission value of a material increases with both its mass and its
carbon emission factor. Table 2 lists the average carbon
emission factors for materials commonly used in active and
passive components of electric machines. The carbon emission
factors considered here would represent the average if the
literature review provided a range of values for each material.
The emission factors in this paper are based on the cradle-to-
gate approach, which covers the production stages from raw
material extraction (cradle) to the point when the materials
leave the factory (gate).

Winding Materials

Windings are used to induce electro-motive force and
produce a rotating magneto-motive force in electric machines.
Copper is the most commonly used material for motor windings
due to its excellent electrical conductivity, though it has a
higher mass density. Aluminum, another winding material,
emits 9 KgCO,/Kg on average, which is more carbon-intensive
than copper, which has an average emission factor of 4
KgCOo/Kg. The key factor influencing the embodied carbon
emissions of aluminum is the carbon intensity of the electricity
used, as aluminum production requires high temperatures and
significant energy for the electrolysis process. Copper, on the
other hand, often relies on ore that requires less refining and
less energy-intensive extraction processes. This translates into
higher carbon emissions for aluminum compared to copper for
the framework of the cradle-to-gate [92], [93].

Magnets

Magnets play a crucial role in electric machines as a source
of flux. Amongst the RE PMs, NdFeB is the most powerful
available magnet, with an average carbon emission factor of 25
KgCO,/Kg. SmCo magnets, while comparable in strength to

Silicon steels, containing approximately 2% silicon, are the
most used soft magnetic materials for lamination. These steels
have an emission factor of 2 KgCO»/Kg.

Passive Components

This part covers the various materials used in the passive
components of electric machines, such as housing, shaft,
bearing, and insulation. Aluminum alloy, known for its high
machinability, strength, durability, lightweight nature, and
recyclability, is the most widely used material for machine
housings with average carbon emission factors at 8§ KgCO,/Kg.
Carbon steel and chrome steel, commonly used for shafts and
bearings, have 3 and 2 KgCO,/Kg carbon emission factors,
respectively. The insulation system has different parts and
materials to meet the requirements for turn-to-turn, phase-to-
phase, and phase-to-ground insulation. In this study, only
aramid is considered as wire insulation with a carbon emission
factor of 11 KgCO,/Kg.

B.  Environmental Load Unit of Raw Materials

Environmental load unit (ELU) is a standardized measure
used to quantify the environmental impact of various activities,
products, or services in financial terms. One ELU represents the
environmental damage cost equivalent to one Euro [94]. They
encompass factors such as resource consumption, emissions,
and ecological degradation, translating these diverse impacts
into a common metric for easier comparison and assessment.
By integrating multiple dimensions of environmental stress,
ELUs facilitate more comprehensive and meaningful
evaluations of sustainability efforts. A comparison between
ELU of different materials used in electric machines is
presented in Table 2. Among different materials used in
electrical machines, RE magnet materials and copper are
considered as the ones with the highest ELU. An estimated cost
of raw materials commonly used in electric machines is also
presented in Table 2.

C. Carbon Emission Measurement of Electric Machines
with Different Topologies

Four typical traction motor topologies have been selected in
this study, including an induction motor (IM), an interior
permanent magnet synchronous motor (PMSM), a switched
reluctance motor (SRM), and an externally excited synchronous
motor (EESM). As of 2020, around 77% of the propulsion
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TABLE 3. THE BASELINE TESLA MODEL S INDUCTION
MOTOR SPECIFICATION [105].

Parameters Value
Stator outer diameter (Dos) 254 mm
Stator inner diameter (D;s) 156.8 mm
Rotor outer diameter (Dor) 155.8 mm
Rotor inner diameter (Djr) 50 mm
Stack length (L) 152 mm
Airgap length 0.5 mm
Output power 225 Kw
Output torque 430 Nm
Efficiency 93 %
Power factor 0.85

motors in BEVs and PHEVs were PM machines, with the rest
divided between IMs at 17% and EESMs accounting for just
6% [95]. EESMs have garnered interest in the passenger car
sector in recent years due to their potential to eliminate RE
magnets from their design [96], [97], [98]. This motor topology
provides high efficiency at low-torque and high-speed
conditions, enhancing vehicle range, especially during highway
driving, which is crucial for customer satisfaction. However, a
significant issue with EESMs is their need for a relatively large
amount of copper, raising sustainability and cost concerns. The
SRM is well-known for its cost-effectiveness, durability, and
fault tolerance [99]. However, it has intrinsic drawbacks, such
as lower torque density, high torque ripple, and acoustic noise.
These characteristics make SRM suitable for off-road
applications [100], [101], [102], [103], [104]. Additionally, the
absence of RE PMs and the robust rotor design enhance
environmental friendliness and physical durability, supporting
product designs for the circular economy.

The baseline traction motor examined in this research is the
3-phase 4-pole induction motor found in the Tesla Model S,
featuring a 60-slot stator and a rotor with 74 bars (referred to as
60/74 IM) [105]. Key specifications of this motor are outlined
in Table 3. Its squirrel cage is constructed from pure copper.
Other electric motor designs considered in this study are a
PMSM motor with a 60-slot 6-pole configuration, a 12/8 SRM,
and an EESM with a 60-slot 8-pole setup. To ensure a fair
comparison among all four motor types being analyzed and to
simplify without sacrificing accuracy, the following
assumptions are made:

e All traction motors share identical geometry, such as
having the same stator outer diameter and stack length, as
depicted in Fig. 13.

e All traction motors utilize common materials for both
active and passive components. The materials used for
winding, lamination, housing, shaft, and bearing are as
follows: pure copper, silicon steel, aluminum alloy,
carbon steel, and chrome steel. Additionally, NdFeB
magnets are employed in PMSM motors.

e Traction motor insulation system has different parts and
materials to meet turn-to-turn, phase-to-phase, and phase-
to-ground insulation requirements. For carbon emission
calculation simplification in this research, only aramid is

Stator

Rotor

Shaft

Fig. 13. Simplified geometry of electric machine components.

considered as wire insulation, which is proportional to the
total copper weight of the motor.

e A per-unit (PU) system is employed to quantify the
volume of each component in traction motors, with the
components of the IM serving as the base unit quantity.
The volume of components in other motor topologies is
normalized and expressed as per unit of the corresponding
IM component.

e The carbon emission factors considered here would
represent the average if the literature review provided a
range of values for each material.

e All traction motors are made of virgin materials rather
than recycled materials.

A comprehensive summary of this comparative study,
including active and passive components per unit volume, total
weight, total carbon emissions, ELU, total cost of raw materials,
recyclability, power density, torque density, efficiency, key
features, and the companies that utilize/make the traction motor
topology, is provided in Table 4 [106], [107], [108], [109],
[110], [111], [112], [113], [114]. Regarding material weight,
IM has the highest weight, 45 Kg. This is mainly due to the high
amount of steel lamination and copper used in these motor
topologies. However, the motor topology with the lowest
weight is EESM with 40.6 Kg due to the rotor saliency and
lower need for steel in the rotor.

The total carbon emissions for each component are
calculated by multiplying the material mass with the carbon
emission factor. Despite its high efficiency and power density,
PMSM shows the highest carbon emission of 170 Kg CO»,
mainly due to the high amount of RE magnet it needs. After
PMSM, the IM has the second rank in carbon emission with 132
Kg CO; due to the huge amount of copper used in this motor
topology. The reduction of the RE materials is compensated by
the considerable amount of copper used in this rotor topology.
SRM has the lowest carbon emission, with 117 Kg CO., due to
the amount of materials used.

In terms of ELU, the IM shows the highest one with 1078
ELU, which is 8% higher than that of the PMSM (993 ELU).
After NdFeB, copper has the highest ELU when mining this
metal from the earth. As a result, a considerable amount of
copper used in the IM topology leads to the highest amount of
ELU. The PMSM ranks second in ELU due to the presence of
RE materials in its rotor topology. The SRM has the advantage
of the lowest ELU with 582 ELU. The same trend as the carbon
emission is concluded regarding the raw material cost.
Therefore, the PMSM is the most expensive topology as PM
machines need high RE material in their structure. SRM is the
cheapest solution due to the low amount of copper in its
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TABLE 4. COMPARISON OF ELECTROMAGNETIC PERFORMANCE AND SUSTAINABILITY ASPECTS OF ELECTRIC MACHINES
WITH DIFFERENT TOPOLOGIES FOR EV TRACTION.

Type Induction machine Permanent magnet machine Switched re.luctance Externally excnte.d
machine synchronous machines
Machine design
Stator core volume [p.u.] 1 .
Rotor core volume [p.u.] 1 0.76 0.94
Winding volume [p.u.] 1 0.51 0.52
PM volume [p.u.] 0 1 0
Insulation volume [p.u.] 1 0.51 0.52
Housing volume [p.u.] 1 1 1 1
Shaft volume [p.u.] 1 2.1 1 1
Bearing volume[p.u.] 1 1 1 1
Total weight [Kg] 45 42.8 42.7 40.6
Total carbon emission
[KgCO1] 132 170 117 119
ELU [ELU] 1078 993 582 845
Raw materials Cost [US$] 184 358 155 157
Recyclability Medium Low High High
Power density Medium-High High Medium-High Medium
Torque density Medium Highest Medium High
Efficiency [%] 93 % 96 % 89 % 95 %
- No magnets - Magnet degaussing . - No magnets - No magnets
Key features -Copper cage bar - Manual magnet separation _C -C
; opper opper
separation - Copper
Vehicle/Company Tesla S, Merc;des-BenZ Tesla, Ford, Cheyrolet, Nissan, Turntide, Enedym BMW iX M6, Renault
EQC, Audi e-tron Toyota, Hyundai, VW, Honda ’ ZOE, ZF, Mahle

Recyclability )

( Environmentally friendly) ( Cost effectiveness )
[—e—IM —o—PMsM SRM —@—EESM|
Fig. 14. Comparison of Electromagnetic Performance and
Sustainability Metrics for Different Electric Machine
Topologies. Higher Values Represent Superior Performance
Across All Criteria.

structure.

From an electromagnetic performance perspective, PMSMs
tend to have the highest torque density and efficiency due to the
presence of RE magnets. In contrast, IMs and SRMs offer
competitive performance characteristics at a lower cost and
with greater overloading and high-speed capability. IMs can
exhibit high peak torque, while SRMs have generally been less

appealing for traction applications due to their lower power,
torque, and efficiency characteristics. Fig. 14 presents a spider
graph comparing the normalized metrics of electromagnetic
performance and sustainability for the baseline IM, PMSM,
SRM, and EESM. The electromagnetic performance metrics
include efficiency and power density, while the sustainability
metrics  encompass  cost-effectiveness,  environment-
friendliness, and recyclability. In this graph, higher values
indicate better performance across all metrics.

In terms of recyclability and sustainability, SRM and EESM
show the highest capability due to their materials and
manufacturing features. Compared to the RE elements, copper
is not a critical raw material. The inherent properties of copper,
including its durability and excellent conductivity, position it as
the preferred material for advancing the green transition.
Copper holds a prominent role in various decarbonization
technologies, such as EVs, wind turbines, photovoltaic panels,
and energy-efficient equipment. Forecasts indicate a doubling
in demand for copper by 2050, rising from 25 million tonnes in
2020 to 50 million tonnes. Present estimates suggest that copper
resources surpass 5 billion tonnes [115]. Therefore, copper is
not considered as a critical raw material. Mining is the primary
route of copper production that provides 70% of the demand;
recycling, the secondary route, covers the other 30% of the total
demand [115]. As a 100% recyclable material, copper can be
reused repeatedly without losing its physical properties.
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D. Electric Machine Design for Sustainability

The typical 1000 hp electric machine is up to 98% recyclable,
by weight, with most of the materials used to manufacture it
comprising of steel, copper, aluminum, and plastic composites
[116]. There are three different ways of recycling. In direct
reuse, magnets could be removed from end-of-life electric
machines and used again in new electric machines. However,
this is not a realistic option, as the magnets in current EVs were
not designed to be removed and are often difficult to extract.
The main goal of research in [117], [118], [119], [120], [121] is
to develop an alternative electrical machine topology based on
Design-for-Reuse, which allows an efficient recovery and reuse
of PMs in new EVs. The second option is direct recycling, in
which the magnets are treated as a raw material for the
production of new magnets, but using novel techniques such as
hydrogen decrepitation processing, plasma/strip casting, and
spark plasma sintering to give new, ready-to-use, magnetic
materials or a new master alloy that can be processed using
existing magnet production facilities [122]. The last option is
indirect recycling. Indirect recycling implies that the magnet
scrap material is transformed into its elemental components.
The RE elements are recovered from the magnets and separated
from each other for use in subsequent PM production.

E. Opportunities and Challenges

As the transportation industry steers toward eco-conscious e-
mobility, the realm of electric machine design is emerging with
several intriguing research directions and challenges. This
subsection discusses some key areas that present opportunities
for advancement.

1) New materials:

e Iron nitride magnets (FeN) have garnered significant
interest due to their unique properties and potential
application in electric machines. This clean earth magnet
can enable the mass production of high-performance PMs
based entirely on abundant, sustainable input materials
[123]. FeN PM has a high remanent flux density > 1.3 T
at room temperature with a negative temperature
coefficient, while the coercivity force is around —300
kA/m at room temperature with a positive temperature
coefficient. In addition, the knee point is in the second
quadrant [124].

e Nanocrystalline soft magnetic materials are characterized
by extremely small grain sizes, typically only a few
nanometers. These materials maintain their magnetic
properties at elevated temperatures, ensuring reliable
performance under demanding conditions and reducing
the need for active cooling. The efficiency gains from
using soft magnetic materials translate into significant
energy savings over the lifetime of the electric machine
[125]. However, soft magnetic alloys have not seen
widespread adoption in electric machines, primarily due
to challenges in large-scale manufacturing.

2) New electric machine topologies:

e The dual rotor homopolar AC machine (DHAM) is a

novel electric machine with field excitation options of

either a DC winding or RE-free PM, as shown in Fig.
15(a). The PM version achieves an extended constant
power speed range without impacting the field intensity
in the magnet, meeting the torque requirement of the
vehicular market [126], [127].

e The bi-axial excitation synchronous machine (BESM) is
another RE-free motor topology proposed for traction
applications [128]. As the name bi-axial excitation
implies, the rotor field is excited along both the d and q
axes. This synchronous electric machine, with both ferrite
magnets and field winding on the rotor shown in Fig. 15
(b), results in a torque density comparable to state-of-the-
art EESMs in the literature.

e The experimental study in [129] shows that the 24/16 pole
combination SRM is a promising technology that can
respond to the increasing demand for high-performance
and low-cost traction motors, presented in Fig. 15 (c).
High torque ripple and acoustic noise that have been
impeding the widespread use of SRM in propulsion
applications are significantly reduced.

e  The wound-field flux-switching machine (WFFSM) is an
unconventional type of EESM that is a possible candidate
for research for high-power density traction applications
[130], [131]. The industry has shown a rising interest in
WFFSMs due to their ability to merge the benefits of
(SRMs) and (PMSMs). WFFSMs have robust rotor
structures like SRMs and maintain comparable torque
density as PMSMs through the flux-focusing effect.
WFFSM, shown in Fig. 15 (d), with toroidal field and
armature windings, is a desirable machine design
candidate, which simplifies the access of the copper at the
end-of-life. Besides easier winding extraction toward a
recycling process, this stator type is relatively easy to
manufacture with a high winding fill factor [130]. It also
provides better cooling because windings are directly
exposed to the stator housing with a cooling jacket. A
double stator is another proposed WFFSM topology that
elevates torque density and efficiency [132].

e In the RE-free permanent magnet-assisted synchronous
reluctance machine (PMaSynRM), as illustrated in Fig. 15
(e), ferrite PMs are embedded in the rotor flux barriers to
improve the performance of synchronous reluctance
motor, addressing challenges like low power factor, low
torque density, limited constant power speed range, and
ohmic losses in the stator [133], [134]. Bi-magnet or
hybrid-magnet (utilizing RE and ferrite PMs) SynRM is
another approach to reduce the use of RE materials, as
shown in Fig. 15 (f), [135], [136].

e PM-assisted wound-rotor synchronous machine (PM-
assisted WRSM) represents a popular approach toward
sustainability-centric electric machine design while
enhancing torque performance and efficiency. Hybrid
excited is the most used term in the literature to describe
this type of electric machine [137].

3) New manufacturing
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New technologies like additive manufacturing (AM),
commonly known as 3D printing, provide unparalleled
design freedom. It promises an era of unprecedented
electric machine innovation, addressing the intricate
interplay of magnetic, winding, and thermal dynamics
[138], [139]. AM can optimize manufacturing processes,
facilitate the creation of intricate designs, and ultimately
enhance the overall performance, efficiency, and
sustainability of electrical machines [140].
4) Industry 4.0 technologies

They are also referred to as smart manufacturing and have
the potential to revolutionize electric machine production
by incorporating circular economy principles, enhancing
energy efficiency, and utilizing advanced technologies
like smart sensors and digital twins. These innovations
enable companies to create a data footprint through the
sensors and monitoring of machines and equipment,
integrating  intelligent  digital technologies into
manufacturing and industrial processes [141], [142].

VI CONCLUSIONS

This paper comprehensively reviews past, present, and
future technologies for closing the circular economy loop in
transportation electrification. As the demand for electrified
transportation rapidly increases, multi-purpose use, reuse, and
recyclability will become more important than the current
research targets of improving efficiency, power density, and
performance.

Electric vehicle batteries and components containing critical
raw materials are central to developing circular economy
strategies. Multipurpose and reuse strategies aim to extend the
life of these batteries, following a hierarchy to optimize life-
cycle value through direct reuse, repurposing, refurbishment,
and remanufacturing. Markets for battery disassembly and
repacking for use in energy storage systems are already
emerging.

For power electronic components, with a focus on waste
printed circuit boards, this paper emphasizes the importance of

(@

nC Wk
winding ez N

(€9)
Fig. 15. (a) DHAM topology [111], (b) Bi-axial excitation synchronous machine [113], (¢) 24/16 SRM [114], (d) Toroidal winding
WFFSM [115], (¢) PMaSynRM [118], (f) Bi-magnet SynRM [120], and (g) PM-assisted WRSM [122].

circular economy practices. We discuss various methods for
component extraction, metal recovery, and the use of
innovative materials that enhance recyclability and
sustainability. Advanced techniques, such as automation, Al,
and machine vision, improve the precision and efficiency of
component disassembly and sorting. By adopting these
advanced recycling and reuse strategies, the industry can
significantly reduce environmental impact, optimize resource
recovery, and support sustainable manufacturing in power
electronics. Transitioning to a circular economy can stimulate
economic growth by creating new business opportunities and
jobs in the repair, refurbishment, and recycling sectors.

Due to the high cost, limited availability, and environmental
concerns of RE materials, it is imperative to explore alternative
technologies to replace or reduce RE magnets in electrical
machines. Highlighted are the advantages of energy savings,
cost reduction, and environmental benefits associated with
gathering and recycling materials in various electric machine
topologies for propulsion system applications. The end-of-life
stage of electric machines involves disassembly and shredding
of the main components and materials. From a recycling
perspective, designs that incorporate soft magnetic composites,
segmented structures, environmentally friendly materials, and
aluminum windings instead of copper are preferred. The use of
electromagnet or ferrite PMs instead of NdFeB and minimizing
glue application are also advantageous. Additionally, reducing
material weight (and thus increasing torque density) is
desirable, as it lowers the amount of material that ultimately
requires recycling.
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