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ABSTRACT
Permanent magnet price volatility is an ongoing issue that

affects many industrial sectors worldwide, dictating the costs of
the final product by a substantial degree. This fluctuation can
be attributed to a large concentration of NdFeB magnet produc-
tion and material sourcing occurring in concentrated geopolitical
areas, thus motivating institutions and governments to look else-
where for magnet material for various applications. The work
presented in this paper aims to determine the viability of recycled
permanent magnets in electric machines used within the automo-
tive industry. Magnet recycling incentives are presented, along
with the two main routes for magnet reprocessing. They are
briefly compared to present the route selected within this study.
The recycled magnets used in this study are characterised such
that relevant parameters are extracted for further analyses. A P2
hybrid electric vehicle is modelled and its energy management
system presented, being an Equivalent Consumption Minimisa-
tion Strategy. The performance evaluation of a baseline machine
at component level is performed, with its affect on vehicle per-
formance quantified, followed by the recycled magnet machine’s
characterisation and subsequent performance evaluation at vehi-
cle level. The recycled magnets inhibit a minor efficiency degra-
dation at component level, leading to a performance degradation
of about 0.11% at vehicle level.
Keywords: Emissions, Energy storage systems, Environ-
mental, FE-Simulations

1. INTRODUCTION
The current status of climate change is of prominent

concern to governments, institutions and industries worldwide.
The automotive industry plays a large role in contributing to
the production of greenhouse gases (GHG), thus compelling
lawmakers to impose stricter thresholds on vehicle manufacturers
regarding 𝐶𝑂2 emissions. Currently, hybrid electric vehicles
(HEVs) and electric vehicles (EVs) offer the benefits of reducing
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these emissions substantially. The latter has gained significant
traction in the market over the past few years, however has a
particular shortcoming. Given that public charging stations
are not as ubiquitous as gas stations, HEVs and plug-in hybrid
electric vehicles (PHEVs) can solve the problem of range
anxiety for consumers, while still maintaining environmental
impact goals set by legislators. For instance, the European
Commission has put in force a set of 𝐶𝑂2 emission target
values for the year 2020 onwards [1] for cars and vans. A
penalty of 95 euros per 𝐶𝑂2/𝑘𝑚 will be incurred to au-
tomakers if the average of the manufacturer’s fleet exceeds the
set target levels, thus emphasizing an economic incentive for
the electrification of vehicles in addition to an environmental one.

With the inclusion of an increasing number of electric and
electronic components on board comes the need for particular
materials, ones that are typically concentrated in select geopoliti-
cal regions of the globe. One of these components are lithium-ion
batteries which require lithium that is majorly concentrated in
South America, China and the United States of America (USA)
[2]. Other components such as permanent magnet synchronous
machines (PMSMs) used for propulsion require rare earth
elements (REEs) for the neodymium-iron-boron (NdFeB)
magnets they contain. These elements have been identified to
have a large concentration in South America (Brazil) and the
Asia-Pacific region (China) [3]. Due to their increasing demand,
nations have the liberty to use REEs as a powerful tool in trade
wars against other countries, with China using them against the
USA in 2019 for instance. In addition, as the demand increases
for these materials, so will the electronic waste as EVs and HEVs
reach their end-of-life (EOL), motivating the need for recycling
strategies for the various materials present. A comprehensive
literature review on battery recycling [4] indicates the various
EOL battery recycling methods and their recovery efficiency of
valuable metals. Due to the high cost of lithium, battery costs
can be greatly controlled through recycling and in turn the price
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of the electrified vehicle, whether it is an EV or a HEV. The
same can be done with NdFeB magnet recycling due to their
high in-use concentration and economic value, with studies in
their recycling from various sectors including the automotive
industry indicating great potential, however also shortcomings
[5–7]. It has been shown that re-sintered magnets consume 88%
less energy in production with respect to primary manufactured
magnets [8], suggesting an insight to this potential. However,
limitations do exist and typically depend on the recycling route
adopted, whether it is direct or indirect. The authors in this paper
have however, identified a need to examine the direct impact
recycled materials have on vehicle performance along with
component level impact given the minimal amount of studies
having been performed thus far.

HEVs can be classed into categories based on the position
or size of the electric power source. Considering size, hybrid
layouts are classed into micro, mild, full and plug-in types,
with electric-only propulsion possible for the latter two types
[9]. The following work focuses on a parallel full HEV as a
case study, with a P2 configuration. The vehicle is of a light
duty commercial (LCV) type. The aim is to study the effect of
recycled permanent magnets on the performance of the electric
machine (EM) and of the vehicle. This is evaluated through
the performance comparison of the recycled magnet (RM) EM
with that of the virgin magnet (VM) EM. The evaluation is then
extended to the vehicle level, where it is evaluated in unloaded
and loaded conditions.

The paper is organised as follows: first an introduction into
the recycling potential of magnet material is presented, followed
by the magnet characterisation and EM modelling. Subsequently,
the vehicle model is discussed along with its control strategy and
finally the simulation results are presented and analysed.

1.1 Magnet recycling incentives
A brief overview of the current recycling status of NdFeB

material as well as the core reasons for its recycling must be
addressed to justify the following work. Neodymium-iron-boron
(NdFeB) magnets are, as of yet, the best performing magnets due
to their high energy product (BH), thus making them suitable for
traction drives in EVs and HEVs. In addition, EMs manufactured
with these magnets display smaller sizes when compared to EMs
outfitted with ferrite magnets, as well as a lower environmental
impact [10]. NdFeB magnets are produced from a combination
of various rare earth elements (REEs) such as neodymium (Nd),
praseodymium (Pr), dysprosium (Dy) and terbium (Tb). Dy for
instance is crucial for the automotive industry as it increases the
thermal resistance of the magnet, therefore allowing the machine
to operate at high temperatures. However, given the high cost
of these elements such as Nd and Dy, 70% of the EM cost is
attributed to that of the magnets [11].

As of 2020, less than 1% of REEs are recycled due to
various drawbacks such as inefficient collection and techno-
logical difficulties [12]. Particularly, this can be due to the
consequence of magnet recycling, where hazardous components

are removed a-priori (such as screens and batteries) and the
remaining electronic components are shredded. Subsequently,
the concentration of NdFeB material is low and it is difficult to
increase its concentration in a profitable manner. A study has
shown [13] that the primary supply of REEs will be unable to
meet demand scenarios by 2050. The same work suggests that a
secondary supply from recycling can meet almost 50% of long
term demand, around 2100.

Another incentive for tapping into discarded NdFeB
material is economic. A technical report [14] indicates that
China produces 97% of the total world production of rare earth
oxides (REOs), while 75-80% of NdFeB production occurs
there as well. In comparison, Japan is responsible for 17-25%
while Europe accounts for 3-5%. China’s control of the REE
market induces large price variations that cause severe impacts
towards companies that rely or supply these elements [15].
With such a polarisation in material processing, there is a
considerable interest in decreasing reliability on one nation
that can dictate the price fluctuation of the material, as well as
decreasing environmental impacts. Projects such as RECVAL
and DEMETER have been initiated with the aim to develop
recycling strategies for EOL magnet material coming from
industrial, consumer and automotive products [16, 17].

Currently, two main routes exist for magnet recycling: direct
and indirect. The former considers reprocessing magnets into
new magnets while the latter is concerned with chemical decom-
position of discarded magnets into their fundamental REEs. Of
the two, direct recycling, in which hydrogen decrepitation and
complete magnet re-use fall into, is more energy and chemically
efficient, and thus is the preferred method of choice. Hydrogen
decrepitation uses hydrogen to crush the EOL magnets into a
powder that is then pressed and sintered into new magnets. A
study has shown [18] this process is promising for the extraction
of NdFeB material from hard disk drives, and can be extended
to automotive scrap rotors [6]. However, it does pose its own
limitations, where the recycled powder contains a greater carbon
content due to the binding materials present within components
such as rotors of EOL EMs. Furthermore, re-sintered NdFeB
material contains 2000-5000 ppm oxygen, while in comparison
primary cast NdFeB contains 300-400 ppm [10]. With this in
mind, it can be reasonably hypothesised that regenerated magnets
will exhibit poorer performance characteristics when compared
to their virgin counterparts. In fact, a study [19] has shown that
due to the oxygen presence, the grain boundary (GB) phase does
not melt any longer due to the higher melting point of the oxide,
and therefore full magnet density cannot be achieved. Therefore
the GB phase must be replaced, whereby the remanent flux den-
sity decreases by 2-10%. Considering the recycling of magnets
from EMs, currently a unified recycling process has not yet been
developed due to the various machine topologies present.

2. RECYCLED MAGNET CHARACTERISATION
The EM virgin magnets are standard commercial N42UH

sintered NdFeB magnets with a mean remanence value of 1.30
T at a room temperature of 20°C with a relative permeability of
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FIGURE 1: RECYCLED MAGNET B-H CURVE

1.052. The recycled magnets on the other hand are produced
from 60% of recycled magnet powder and 40% virgin magnet
powder. The recycled powder is created from EOL magnets
using hydrogen decrepitation. This composition was reached on
the basis of trial characterisations of varying portions of virgin
and recycled magnet powder. Particularly, the best compromise
of magnet characteristics and amount of recycled material is
reached through the ratio selected. The recycled NdFeB magnet
has a relative permeability of 1.041 and 5.2% lower remanence
at room temperature than its virgin counterpart. Figure 1 shows
the measurements taken in Mondragon Unibertsitatea’s facilities
of the recycled magnet samples at different temperatures. The
names of the curves directly correspond to their associated
temperature. The data pertaining to these curves is collected in
Tab. 1.

3. ELECTRIC MACHINE CHARACTERISATION
This section shows the machine’s efficiency map for both

cases, virgin, and recycled magnets. The EM is an interior
PMSM consisting of thirty slots and ten poles pair. First, the
motor is modeled through finite element analysis on Altair®

Flux2D and validated with standard N42UH sintered NdFeB
magnets (representing the virgin magnets). Once the model
validation is complete, the magnets are substituted with the
developed recycled magnets shown in Section 2, taking into
consideration the data at different temperatures.

Figure 2 displays the EM performance for the virgin mag-
nets. The plot shows two regions of operation. The continuous
duty cycle (S1) and peak region. The S1 curve is the dashed
line starting at 150 Nm. All operating points on and below this
curve consider a continuous operation magnet temperature limit
of 110°C. In other words, the plot’s efficiency values obtained
on and below this curve cannot surpass a magnet temperature
of 110°C in continuous operation. The peak operating points
are those above the S1 curve and contemplate a fixed magnet
temperature of 110°C. The reason is that these points are
considered temporal and never continuous. Figure 3 shows the
temperature regions of the VM EM for both regions.
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FIGURE 2: VIRGIN MAGNET EM EFFICIENCY MAP
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FIGURE 3: VIRGIN MAGNET EM TEMPERATURE MAP

Moreover, the plots also consider two control modes: the
maximum torque per ampere (MTPA) and field-weakening (FW)
mode. The MTPA mode is limited to a converter bus DC voltage
of 345.6 V. The motor operates in FW mode when this voltage
limit is reached. Both control modes are evident for the peak
torque curve since this voltage limit is reached at the corner
point. Operating points beyond the corner speed are within FW
control mode. However, it is not evident for the S1 curve. So
additionally, the performance comparison is presented for the S1
base operating point of 100 Nm at 2750 RPM with virgin and
recycled magnets. The results can be seen in Tab. 2.

Figure 4 shows the efficiency map for the RM EM, and Fig.
5 shows the recycled magnet temperatures in both operating re-
gions, continuous and peak. Results in Tab. 2 and the figures
illustrated thus far show that although there is a slight performance
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TABLE 1: RECYCLED MAGNET CHARACTERISATION DATA

Variable T23 T80 T100 T119 T150 Average Unit

Br 1.23 1.17 1.14 1.11 1.06 1.14 [T]
𝐻𝑐𝐵 938.6 816.3 692.1 562.9 405.3 683.1 [kA/m]
𝐻𝑐𝐽 1439 899.6 740.2 587.9 416.6 816.6 [kA/m]
(𝐵𝐻)𝑚𝑎𝑥 291.7 256.6 241.6 224.5 195.1 241.9 [kJ/𝑚3]
𝐵𝑎 0.62 0.59 0.58 0.56 0.59 0.59 [T]
𝐻𝑎 471.5 433.5 417.9 400.4 331.1 410.9 [kA/m]
𝐽𝑘 1.11 1.05 1.03 1.00 0.957 1.03 [T]
𝐻𝑘 1328 806.6 653.6 521.7 361.3 734.2 [kA/m]
𝐻𝑚𝑎𝑥 995.4 998.8 999.9 1000 999.4 998.7 [kA/m]
T 23.0 80.0 100 119 150 94.4 [°C]

TABLE 2: VIRGIN VS. RECYCLED MAGNET PERFORMANCE

Variable Virgin Recycled Unit

Br @23°C 1.30 1.23 [T]
Br @100°C 1.18 1.14 [T]
Copper temperature 141.3 149.8 [°C]
Magnet temperature 106.4 109 [°C]
Speed 2750 2750 [RPM]
Mechanical torque 100 100 [Nm]
Efficiency 96.01 95.72 [%]
Input power 29995 30086 [W]
Power factor 0.928 0.917 [-]
Input line current 106.6 112.5 [𝐴𝑅𝑀𝑆]

degradation, the RM EM performs similarly. In particular, the
magnet temperature varies marginally within the continuous re-
gion. The efficiency change between the two machines can be
highlighted, taking the difference of the two matrices represent-
ing the efficiency values for each torque-speed combination, as
seen in Fig. 6. It can be noted that due to the shift of the efficiency
regions of the RM EM map, the highest efficiency drop is below
five percent for low speed and high torque values.

4. VEHICLE MODELLING
A LCV has been utilised for the purpose of quantifying the

effects of magnet properties at system level. The vehicle is a
HEV, with the powertrain characterised by a P2 configuration,
meaning the EM is located after the clutch on the driveline as can
be seen in Fig. 7. The machine is coaxial, thus no belt pulley is
employed. The vehicle is simulated in MATLAB and Simulink®

as a forward model due to its higher accuracy, with the inclusion
of the driver modelled as a Proportional-Integral (PI) controller.
This variant of modelling includes component limitations
and their dynamics. On the other hand, a backward model
does not incorporate the driver block and uses the reference
speed from the driving cycle as the speed of the vehicle. This
proves to be less computationally heavy, however falls short
in accurately modelling the system. Furthermore, in order to
control the energy distribution between the EM and the ICE of
the vehicle, an Equivalent Consumption Minimisation Strategy
(ECMS) is employed [20, 21]. It is a causal local optimisation
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FIGURE 4: RECYCLED MAGNET EM EFFICIENCY MAP
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FIGURE 5: RECYCLED MAGNET EM TEMPERATURE MAP

method, whereby it aims to reduce the total equivalent energy
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FIGURE 6: EFFICIENCY DEGRADATION

FIGURE 7: P2 ARCHITECTURE

consumption of the system through the consideration of certain
boundaries. It is causal due to its dependency on multiple states
of the vehicle, optimising the torque split on the basis of these
values at each time instant of the drive cycle.

The working principle of the model is as follows: The driver
block receives an error computed on the basis of the reference
speed and the actual speed from the vehicle from which it gener-
ates a torque request. This request along with constraint parame-
ters crucial for the ECMS algorithm are utilised by the controller
to output an ICE and EM torque request. The sum of the two
leads to the total torque required from the powertrain. This signal
is delivered to the powertrain block which houses the torque con-
verter, gearbox and differential blocks which take into account
the respective efficiencies and parameters. In particular, the gear
shifting strategy is in terms of the speed of the vehicle, dictat-
ing the choice of upshifiting or downshifting. The speed of the
vehicle at which upshifting or downshifting is needed is given by:

𝑣 =
𝑛𝑚𝑖𝑛/𝑚𝑎𝑥 · 𝑅𝑤ℎ · 𝜋

𝑈 ·𝑈𝑓 · 30
(1)

where 𝑛𝑚𝑖𝑛/𝑚𝑎𝑥 is the minimum or maximum rotational speed
of the driveline, 𝑅𝑤ℎ is the radius of the wheel, 𝑈 is the current
gear ratio and 𝑈𝑓 is the final gear ratio. The vehicle block based

TABLE 3: VEHICLE PARAMETERS

Parameters Value Unit

Mass 3100 [kg]
Drag coefficient 0.316 [-]
Frontal area 4.581 [𝑚2]
ICE characteristics 2.3 l/350 Nm peak [-]
EM characteristics PMSM 330 Nm peak [-]
Battery nominal voltage 345.6 [V]
Battery capacity 20 [Ah]
Transmission 8-speed automatic [-]
Final gear ratio 3.62 [-]
Wheel radius 0.35 [m]
Rolling resistance 0.01 [-]

on longitudinal dynamics computes the speed of the vehicle and
sends this information to the driver, thus closing the system. The
vehicle parameters are reported in Tab. 3, while Fig. 8 displays
the logic described thus far.

The battery pack is modelled as an ideal voltage source in
series with an internal resistance with no particular limitations,
following the formulation:

𝑉 = 𝑉0

(︃
𝑆𝑂𝐶

1 − 𝛽(1 − 𝑆𝑂𝐶)

)︃
(2)

where 𝑉0 is the nominal battery voltage, SOC is the state-of-
charge and 𝛽 is a characteristic parameter. The SOC is updated
at each instant based on the power (whether it is outgoing or
in-going) of the EM. More accurate estimations of the SOC have
been proposed through the use of analytical [22] and data-driven
models [23], with state-of-health (SOH) estimations included as
well [24]. The model selected for this work has been merited to
be sufficient to compute the SOC.

The ECMS algorithm employed follows the subsequent
methodology: the ICE and EM maps are initialised offline such
that they are called upon in the model as look-up tables (LUTs).
They are present both in the controller and in the plant. The plant
provides the SOC, maximum and minimum available torque val-
ues and the driveline speed (rotational speed is the same for the
ICE and EM as no pulley is present) as feedback parameters. Fur-
thermore, as seen in [25], the ECMS follows a set of constraints,
summarised in the following:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

𝑇𝑟𝑒𝑞 (𝑡) = 𝑇𝐼𝐶𝐸 (𝑡) + 𝑇𝐸𝑀 (𝑡)
0 ⩽ 𝑇𝐼𝐶𝐸 (𝑡) ⩽ 𝑇𝐼𝐶𝐸 (𝜔𝐸𝑀 )
𝑇𝐸𝑀,𝑚𝑖𝑛 (𝜔𝐸𝑀 ) ⩽ 𝑇𝐸𝑀 (𝑡) ⩽ 𝑇𝐸𝑀,𝑚𝑎𝑥 (𝜔𝐸𝑀 )
𝑆𝑂𝐶𝑚𝑖𝑛 ⩽ 𝑆𝑂𝐶 (𝑡) ⩽ 𝑆𝑂𝐶𝑚𝑎𝑥

(3)

where 𝑇𝑟𝑒𝑞 is the requested torque, 𝑇𝐼𝐶𝐸 is the ICE torque and
𝑇𝐸𝑀 is the EM torque. 𝑇𝐸𝑀,𝑚𝑖𝑛 is the minimum available torque
for generation, 𝑇𝐸𝑀,𝑚𝑎𝑥 is the maximum available torque for
traction, 𝑆𝑂𝐶𝑚𝑖𝑛 is the SOC lower bound and finally 𝑆𝑂𝐶𝑚𝑎𝑥 is
the SOC upper bound. The SOC must be kept within bounds in
order to maintain an adequate battery health so as to not stress it
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FIGURE 8: FORWARD P2 MODEL

with deep charging and discharging cycles. In this case study the
bounds are limited to 20% for the lower and 90% for the upper. As
will be evident in Section 5 of this work, the variation is mitigated
with the controller action rather than the bounds. Following this,
the algorithm produces a set of candidates of the control variable
𝑢 defined as the ratio of the EM torque over the requested torque
as seen in:

𝑢(𝑡) = 𝑇𝐸𝑀 (𝑡)
𝑇𝑟𝑒𝑞 (𝑡)

(4)

From this set of candidates the equivalent mass flow rate of the
EM is computed through:

𝑚̇𝐸𝑀 =
𝑃𝐸𝑀

𝜂𝐸𝑀 · 𝑄𝑓

(5)

with 𝑃𝐸𝑀 being the power of the EM, 𝜂𝐸𝑀 the EM efficiency
and 𝑄𝑓 the lower heating value of the fuel. A vector of mass
flow rates is generated, along with a vector of mass flow rates
for the ICE making use of the LUT. The efficiency of the EM is
evaluated with the efficiency map as a LUT. The equivalent mass
flow rate may be expressed as follows:

𝑚̇𝑒𝑞 = 𝑚̇𝐼𝐶𝐸 + 𝑠 · 𝑚̇𝐸𝑀 (6)

where 𝑠 is the equivalence factor responsible for associating the
virtual fuel consumption with the use of electrical energy and
𝑚̇𝐼𝐶𝐸 is the ICE fuel mass flow rate. The factor is defined
through the following formulation:

𝑠(𝑡) = 𝑠0,𝑑𝑖𝑠 + 𝑘𝑝 (𝑆𝑂𝐶𝑟𝑒 𝑓 − 𝑆𝑂𝐶 (𝑡)) (7)

where 𝑠0,𝑑𝑖𝑠 is the constant discharge coefficient, 𝑘𝑝 is a tunable
parameter, 𝑆𝑂𝐶𝑟𝑒 𝑓 is the reference SOC and 𝑆𝑂𝐶 is the
instantaneous SOC from the plant. The expression facilitates an
adaptive evolution of the factor such that the SOC is properly
maintained close to the reference value. In particular, as the
vehicle under study is a HEV, the initial and final SOCs must be

the same such that an accurate fuel consumption value may be
evaluated. If the final SOC is greater than the reference/initial
value, this implies the ICE has been utilised more to regenerate
the portion of charge in excess. This would lead to a fuel
consumption of the vehicle that is greater than it should be,
creating misleading results.

With the minimisation of the equivalent mass flow rate, the
optimal control variable may be selected and implemented into
the following formulation to obtain the EM and ICE torque as a
response to the requested torque from the driver:{︄

𝑇𝐼𝐶𝐸 = (1 − 𝑢(𝑡)) · 𝑇𝑟𝑒𝑞
𝑇𝐸𝑀 = 𝑢(𝑡) · 𝑇𝑟𝑒𝑞

(8)

The model is tuned such that the charge sustaining (CS) con-
dition is met. The ECMS is maintained constant between the two
cases: VM EM and RM EM, as the variation of the SOC between
the two is not significant enough to merit the modification of
the equivalence factor. This will be examined in the following
section.

5. RESULTS AND DISCUSSION
With the EM and vehicle modelled, the former is im-

plemented into the latter to assess the effect the recycled
magnets have on the HEV performance. The unloaded vehicle
is evaluated on the official homologation driving cycle, the
World Harmonized Light Vehicle Test Procedure (WLTP). The
baseline vehicle includes the VM EM, while the vehicle under
test includes the RM EM. With a slight degradation seen at
component level, the vehicle performance decrease is seen to
be insignificant. This can be outlined in Tab. 4, where the
vehicle incurs only a 0.01 [L/100km] increase with respect to the
baseline vehicle.

Regarding the state-of-charge over the driving cycle in Fig.
9, it can be noticed that the two cases behave in an almost
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TABLE 4: PERFORMANCE COMPARISON UNLOADED

Parameters VM EM RM EM Difference

Fuel [L/100km] 9.05 9.06 0.01
𝐶𝑂2 [g𝐶𝑂2/km] 238.9 239.2 0.3

TABLE 5: ENERGY COMPARISON UNLOADED

Parameters VM EM RM EM

Motoring

Electrical Energy [kJ] 4493 4473
Mechanical Energy [kJ] 4289 4261

Generating

Electrical Energy [kJ] -4505 -4478
Mechanical Energy [kJ] -4818 -4818

identical manner. Due to the evidently minor variation of the
final SOC between the VM EM and the RM EM seen in Fig. 10,
the ECMS is not tuned for the latter case as stated previously. In
some instances one may observe lower discharge of the battery,
an indication of a small number of operating points that are not
selected in the RM EM case due to the degradation of efficiency.
This translates to a minor increase in fuel consumption, where
Fig. 11 indicates the consumption over the drive cycle and Fig.
12 exhibits the fuel economy decrease. The SOC for the RM EM
reaches a final value just under that of the VM EM, suggesting
the presence of operating points with lower efficiencies that
incur higher power consumption from the battery. This can be
reasonably stated given the operating points for the two cases
are similar. These comments can also be extended towards the
regeneration, where the lower RM EM efficiency translates to
a slightly lower recovery of braking energy, and thus the final
SOC is lower. Table 5 displays the electrical and mechanical
energies for the systems with the respective EMs and supports
the claims made thus far. The mechanical energy represents
the energy requested from the EM, while the electrical energy
is that which considers the efficiency of the EM. The RM
EM case indicates a minor decrease in regenerated electrical
energy, as well as a lower mechanical energy indicating a lower
employment of the EM during operation. It can be noted that the
overall performance degradation is around 0.11%, suggesting an
extremely similar behaviour between the VM EM and RM EM
at vehicle level.

To understand the performance similarity at vehicle level
more thoroughly, select operating points of the RM EM across
the drive cycle are plotted on the efficiency degradation map as
seen in Fig. 13. The black points correspond to the homologa-
tion procedure, where the vehicle is unloaded. The red points
correspond to the vehicle with a payload of 1.9 t, leading to a
gross mass of 5 t. Considering the positive quadrant, it is evident
that a number of operating conditions in the unloaded case fall
into regions that exhibit between 0% and 0.5% of degradation
for the RM EM. For the loaded case, the RM EM is employed for
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FIGURE 10: ENLARGED PORTION OF SOC COMPARISON WITH
RM AND VM EM

greater torque values due to the increased mass of the vehicle.
The constant discharge coefficient in the equivalence factor is
increased both for the VM EM and RM EM loaded cases to
ensure balancing of the SOC across the driving cycle. The RM
EM ECMS coefficient is increased by 19% with respect to the
unloaded case, while the VM EM ECMS coefficient is increased
by 9%. This subsequently decreases the usage of the RM EM
compared to the VM EM and incurs a lower fuel economy.
The degradation of efficiency of the system in the loaded case
is around 1.2%, with the relevant performance parameters col-
lected in Tab. 6. Table 7 provides the electrical and mechanical
energies over the drive cycle for the loaded case. In this case,
the RM EM is seen to be regenerating a lower portion of the re-
coverable energy, while also providing less energy for propulsion.

Figure 14 displays the operating points of the RM EM during
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FIGURE 12: ENLARGED PORTION OF FUEL CONSUMPTION COM-
PARISON WITH RM AND VM EM

regeneration for the unloaded and loaded cases. It is evident that
almost the full regenerating potential is utilised regarding the
unloaded case, while the full regenerative capability is exploited
in the loaded case. This can be attributed to a higher mass
regarding the latter, where there is a larger amount of braking
potential energy present. The regenerative behaviour is due to the
ECMS algorithm, where the efficiency is taken into account only
in motoring mode, and the EM is free to recover as much braking
energy as it can when the torque request is negative. This can
also be noted as a great advantage of employing a P2 architecture,
where the clutch disengages from the ICE during braking so as
to maximize energy recovery. In addition, it may be noticed
where the minimum rotational speed is set by considering the
regeneration operating points. As the vehicle is braking, the gear
shifting strategy downshifts when the minimum rotational speed

TABLE 6: PERFORMANCE COMPARISON LOADED

Parameters VM EM RM EM Difference

Fuel [L/100km] 11.49 11.63 0.14
𝐶𝑂2 [g𝐶𝑂2/km] 303.3 307.0 3.7

TABLE 7: ENERGY COMPARISON LOADED

Parameters VM EM RM EM

Motoring

Electrical Energy [kJ] 7604 7450
Mechanical Energy [kJ] 7230 7112

Generating

Electrical Energy [kJ] -7637 -7531
Mechanical Energy [kJ] -8387 -8387

is reached, thus increasing the driveline speed until it reaches this
threshold again. This process continues until the vehicle reaches
a stop or is requested to accelerate aiming to follow the driving
cycle.

6. CONCLUSIONS
The work presented has the intention to study the effect re-

cycled magnets have on EM and vehicle performances. With the
characterisation of the magnets performed and the EM modelled,
it has been shown that there is a low degradation at component
level and subsequently a low decrease in performance at vehicle
level. The loaded LCV case indicates a higher fuel consumption
for the RM EM due to the vehicle’s larger mass, mainly as a
consequence of the higher equivalence factor in the ECMS com-
pared to that of the VM EM. It may be concluded that the use
of recycled magnets in EMs for automotive applications does not
hinder vehicle performance to a large extent, and would offer eco-
nomic and environmental benefits if implemented. In addition,
experimental validation of the numerical results presented must
be performed, entailing the testing of the VM EM and RM EM
in static and dynamic conditions.
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