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Abstract

It is projected that, by 2030, the global stock of electric vehicles (EVs) will reach approx-
imately 85 million units. When the capacity of EV batteries declines to 70–80% of their
original performance, replacement becomes necessary, as the remaining capacity is inad-
equate to meet the operational requirements of automotive applications. Upon removal,
these batteries retain significant material value and thus require proper recycling. However,
their stored energy presents substantial safety risks, necessitating a controlled discharge
process to mitigate potential hazards. This study presents the design and implementation of
a system that integrates a boost converter with a single-phase grid-tied inverter to facilitate
the safe transfer of energy from end-of-life (EoL) EV batteries to the electrical grid. The
system was simulated in PLECS using a lithium-ion battery model and a non-ideal grid.
The analysis shows that the system is stable and effective at transferring energy from the
battery to the grid and heating the battery at the end of the process. This study identifies
circuit operating conditions and control schemes that can enable the rapid, practical, and
safe discharge of EV batteries without significant voltage relaxation.

Keywords: EV battery recycling; EoL batteries; deep discharge; current recirculation
heating; boost converter; grid-tied inverter; energy recovery; battery safety

1. Introduction
Electric vehicle (EV) sales have scaled exponentially in recent years, spurring interest in

what will happen to batteries at the end of their useful life in their original EV application [1].
The batteries have a typical lifespan of between 8 and 15 years, which means that sometime
between 2030 and 2035 there will be at least a million EoL EV batteries needing to be
processed [2].

From our market research, conducted through NSF’s I-Corps, we found that these
batteries are typically removed by their respective dealership’s repair center, before being
shipped back to the automotive company for refurbishing or remanufacturing evaluation.
If they are not suited for this application, batteries are typically sold or bought by a third-
party company to be evaluated for second-life storage. If they also fail this test, they are
recycled, typically through one of three main recycling techniques [3,4].

One of the most popular recycling techniques used today is pyrometallurgy, employed
by Redwood Materials, which captures around 70% of the EV battery recycling market
in North America [3]. This process involves heating whole battery packs or segments
of battery packs to between 650 and 1500 ◦C in a controlled environment, which burns
off plastics and melts most of the metals down [3,5]. Pyrometallurgy requires less pack
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disassembly; however, this process results in the loss of other valuable battery components
such as electrolytes, graphite, steel, aluminum, and lithium, which are either converted
into slag or released as off-gases [6]. Moreover, pyrometallurgical processing requires
costly gas effluent treatment systems to prevent the emission of toxic compounds into
the atmosphere. In addition, this method offers no economic advantage when applied
to low-value lithium-ion battery chemistries (e.g., LiFePO4, LiMnO2, or LiTiO4), as their
constituent elements are ultimately lost to the slag phase [7].

The second common recycling technique is hydrometallurgy, which employs liquids
to process and sort the materials found in EV batteries [8]. The key advantages of hydromet-
allurgical recycling over pyrometallurgy are the recovery of high-purity metals, such as Ni,
Co, Mn, Li, with greater than 99 percent recovery, as well as low impurity content [8,9].

Li-Cycle, a leading EV battery recycling company in North America, has adopted
a variant of this method in which spent EV batteries are submerged in a liquid medium
during shredding to suppress ignition and dissipate the heat generated throughout the
process [6]. This approach offers advantages and limitations comparable to those of pyro-
metallurgical recycling. Notably, it eliminates the need for battery pack disassembly,
enables the processing of severely damaged batteries, and accommodates a wide range of
cell geometries without specialized tooling [10].

Other processes such as low-temperature plasma-assisted separation or traditional
battery shredding require that the EoL battery be deeply discharged to below 5% state of
charge (SoC) to avoid fires, improve material recovery percentage, and improve material
recovery quality [11]. Current techniques to deep discharge the battery involve either a
brine bath, a resistive load, or a grid-tied system without battery management system
(BMS) integration.

Brine baths typically last over 100 h and release toxic gases that need to be vented,
and, with certain types of battery casings, significant degradation to the case and cell
materials will occur [12]. This degradation can cause certain hydrometallurgy techniques
to be ineffective and can degrade the structure to the point where the pack can crumble
and be unsafe to lift [12]. Brine baths essentially act as a fixed-resistance load at the battery
terminals, which cannot be modulated per pack voltage [12]. High-power resistive loads for
battery deep discharge have not been widely studied. However, they have key advantages
over brine baths, such as the ability to modulate pack power by switching on and off the
resistive load with a PWM transistor. Thus, this enables the resistance to be decreased as
pack voltage decreases, which allows for shorter discharge times. However, resistive loads
also have key disadvantages compared with grid-tied systems, including heat generation,
system size, fan noise, and loss of the energy stored in the batteries.

Existing grid-tied set ups on the market require the partial disassembly of EV batteries
so that their BMS can tap into every cell voltage and some key temperature points [13].
This is non-ideal because it exposes the technician to high voltage and has the potential
for equipment to be hooked up incorrectly. It also drastically slows down the discharge
process to allow for the battery to be disassembled and the sensors to be attached. This
disassembly and rigging can take upwards of 8 h for some battery packs, and most battery
packs would need specialized harnesses to tap into the existing voltage sense cabling.
In some batteries, the voltage sensing would not be feasible to perform safely without
module-level deconstruction, which would take up to another 8 h.

This paper suggests a novel alternative to existing deep-discharge techniques which
address some of their key shortcomings through a novel application of a voltage relaxation
technique and a novel current recirculation technique and control strategy. Specifically,
a novel, power electronics based deep-discharge device is presented that offers a con-
trollable and non-destructive method for rapidly reducing an EV battery’s SoC to below
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5% with minimal subsequent voltage relaxation. The proposed system integrates a boost
converter, which also functions as a novel current recirculation circuit, in conjunction with
a single-phase inverter, to facilitate controlled energy transfer from EoL EV batteries to the
electrical grid.

The combined inverter and boost converter configuration enables compatibility with a
wide range of EV battery architectures. Some key EV battery parameters that drive design
decisions are internal resistance, thermal mass, and C rate. The upper limit of current
recirculation capabilities is aimed at being able to heat the largest battery packs with the
lowest internal resistance, the highest C-rate, and the greatest thermal mass. If the current
recirculation capability is too low, then the system would not be able to effectively heat the
batteries at the end of the discharge process. Section 4.3 discusses this in more detail.

During the final phase of the discharge process, the current recirculation circuit ele-
vates the battery temperature to above 40 ◦C, significantly mitigating the risk of voltage
relaxation [14]. Additionally, the compact and portable design of the device supports
ease of operation in workshop environments, while the proposed control interface ensures
intuitive user interaction.

The remainder of this paper is organized as follows. In Section 2, the design consid-
erations are introduced along with the proposed circuit topology and operational modes.
Section 3 discusses the design guidelines and controls of the system. In Section 4, the
simulation results are demonstrated. Conclusions are drawn in Section 5.

2. Proposed System
The proposed system is designed for use by technicians in automotive service centers,

recycling facilities that conduct in-house discharging operations, and automotive manu-
facturers performing battery evaluations. Consequently, several considerations must be
addressed to ensure the device is practical and effective for the intended user base. These
considerations are as follows:

1. The device should operate using a standard 50 A welder outlet (NEMA 14–50R).
2. Given the outlet constraints, the device must discharge the battery as quickly as possible.
3. Safety must be ensured at all stages of discharge.
4. The device must ensure <1 V per cell voltage relaxation.
5. EV battery packs of all sizes and configurations must be able to be processed.

To connect these qualitative design considerations to an implementable system ar-
chitecture, each requirement was translated into a small set of quantitative, verifiable
specifications. In particular, the outlet constraint (NEMA 14-50R) directly bounds the allow-
able grid voltage, frequency, and maximum grid current, which in turn limits the maximum
continuous power that can be transferred from the battery to the grid. The discharge
rate and safety requirements then motivate upper bounds on battery side and internal
recirculating currents to ensure thermal and electrical stresses remain within acceptable
limits while still enabling rapid energy removal. Finally, the requirements for broad pack
compatibility and limited voltage relaxation establish the allowable EV pack voltage range
and the current capability needed to reliably drive the pack below the specified residual
energy threshold across diverse configurations. The resulting high-level specifications,
which explicitly map back to the corresponding considerations, are summarized in Table 1.
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Table 1. High-level specifications of the deep-discharge device.

Parameter Value Corrisponding Consideration

EV battery voltage 0–1000 VDC 3, 5
Grid voltage 208–240 VAC 1, 3
Grid frequency 60 Hz 1
Battery to grid power 11 kW 1, 2, 3
Max battery current 200 A 2, 3, 4, 5
Max grid current 50 Arms 1, 3
Max recirculating battery
current 200 Arms 2, 3, 4, 5

It is worth noting that the device must be able to read the cell temperatures from the
batteries’ onboard battery management system (BMS). In a practical implementation of
this design, the system would have a BMS gateway integrated into the device driver layer
of the software and have the necessary hardware to support communication [15]. The
temperatures of all the cells would need to be monitored approximately once per second to
ensure that unexpected thermal behavior is caught and the device can be shut down, or
in the case of Heating Mode, the outer control loop can toggle current recirculation. This
integration is outside the scope of this paper and is therefore not discussed further.

2.1. Proposed Circuit Topology

The proposed circuit topology is shown in Figure 1. The system consists of a syn-
chronous boost converter, which also functions as a current-recirculation heating circuit,
connected to the EoL battery. The converter feeds a direct-current (DC) bus capacitor bank,
which in turn supplies an H-bridge pulse-width modulation (PWM) inverter that interfaces
with the grid through a 208–240 V single-phase connection. A neutral tap is incorporated
to enhance operational safety. The general topology is inspired by the work in Dr. Hart’s
power electronics book [16]. In the simulation model, the grid and EoL battery are rep-
resented by lumped impedance elements, with the associated inductance and resistance
parameterized in L1, L2, L3, and the center-tap branch. This is because the line inductance
and impedances will be much lower than the lumped model values. Measurement noise
is neglected to reduce model complexity and to improve computational efficiency during
simulation runs.

Figure 1. System topology. A synchronous boost stage (also used for current-recirculation heating)
interfaces the EoL battery with a DC bus (C1–C2) that feeds a single-phase H-bridge inverter tied to a
208–240 V grid. A neutral tap is included for safety.

2.2. Operational Modes of the Proposed System

The proposed system operates in four distinct modes: (1) Bypass Mode, in which the
inverter is directly connected to the EoL battery; (2) Boost Mode, where the boost converter
is engaged between the inverter and the EoL battery to elevate the DC-bus voltage above
the grid’s peak voltage; (3) Heating Mode, which circulates current into and out of the EoL
battery to raise its temperature above 40 ◦C; and (4) Short-Circuit Mode, wherein the EoL
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battery is directly shorted to extract the remaining energy when the terminal voltage is
sufficiently low. Each operating mode is characterized by its own distinct state transitions.
The overall operational flow between these four modes is illustrated in Figure 2.

 

Figure 2. Whole-system state machine.
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2.3. Bypass Mode

Bypass Mode: When Vbat ≥ 400 V, the inverter draws directly from the pack (S1 on),
avoiding DC-bus overshoot.

Bypass Mode mitigates voltage overshoot by allowing Boost Mode to activate at a
lower EoL battery voltage. In this mode, switch S1 and the inverter are engaged, enabling
the inverter to draw energy directly from the EoL battery. Bypass Mode is utilized only
when the EoL battery voltage exceeds 400 V, as operation below this threshold prevents the
inverter from achieving a peak voltage greater than that of the grid.

Within Bypass Mode, four distinct operating states arise due to the interaction between
the inverter’s PWM and the single-phase grid characteristics. In the first state, illustrated in
Figure 3a, both S3 and S6 are active, and current is drawn from both the EoL battery and
capacitors C1 and C2. Figure 3b depicts the system behavior during the positive half cycle,
when S3 and S6 are deactivated for the complementary PWM interval, causing current to
flow through the body diodes of S4 and S5. It is important to note that during this state,
the EoL battery continues to experience a positive current draw even after the switching
transition, owing to the stored energy in inductor L1. The third state, shown in Figure 3c,
occurs during the grid’s negative half cycle, when S4 and S5 are active, maintaining a
positive current draw from the EoL battery and slightly discharging C1 and C2. In the final
state, S4 and S5 are turned off, and current is redirected through the body diodes of S3 and
S6, replenishing the charge on C1 and C2.

 

Figure 3. (a) Bypass Mode in positive half cycle with S3 and S6 active; (b) Bypass Mode in positive
half cycle with S4 and S5 active; (c) Bypass Mode in negative half cycle with S4 and S5 active;
(d) Bypass Mode in negative half cycle with S3 and S6 active.
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2.4. Boost Mode

Boost Mode: When Vbat < 400 V, the boost stage raises the DC bus above grid peak, so
the inverter remains grid-synchronized.

During Boost Mode, S2 periodically shorts the EoL battery through L1, storing energy
in its magnetic field during the energy storage state. When S2 turns off, the stored energy
is released through the body diode of S1 into the DC-bus capacitors C1 and C2, thereby
elevating the DC-bus voltage above the battery voltage. This process allows the inverter
to maintain grid-synchronized operation even when the EoL battery voltage is below the
grid’s peak value.

Boost Mode has eight total operating states and shares four with Bypass Mode as
shown in Figure 3 and explained in Section 2.3. The other four operating states are shown
in Figure 4 and consist of the same four inverter states but with the boost converter section
in the energy storage state rather than bypass state.

Figure 4. (a) Boost Mode in energy-storage state with S3 and S6 active in the positive half cycle;
(b) Boost Mode in energy-storage state with S4 and S5 active in the positive half cycle; (c) Boost
Mode in energy-storage state with S4 and S5 active in the negative half cycle; (d) Boost Mode in
energy-storage state with S3 and S6 active in the negative half cycle.

2.5. Heating Mode

Heating Mode: Below 200 V, the boost hardware recirculates current into/out of the
pack to raise temperature above 40 ◦C and extract residual energy. Figure 5 shows this
current flow.
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Figure 5. (a) Heating Mode in energy-storage cycle; (b) Heating Mode in active cycle; (c) Heating
Mode in feedback cycle.

Heating Mode circulates current into and out of the EoL battery to elevate its tempera-
ture above 40 ◦C while extracting additional residual energy. The elevated temperature
helps mitigate excessive post-discharge voltage relaxation [14]. This mode operates by
initially shorting the EoL battery to ground through switch S2, allowing inductor L1 to
store energy that is subsequently transferred to capacitors C1 and C2 via switch S1. Once
the energy in L1 is fully discharged into the capacitors, the current through S1 reverses
direction, causing the stored energy in C1 and C2 to be transferred back into the EoL battery.
Heating Mode is engaged once Boost Mode becomes ineffective below around 200 V and
remains active until the system transitions to Short-Circuit Mode at approximately 5 V.
Note that the 200 V threshold will be elaborated on in Section 3 of this paper and depends
on the stability of the DC-bus voltage at lower EoL battery voltages.

2.6. Short-Circuit Mode

Short-Circuit Mode: Below 5 V, the pack is shorted through S2 and L1 under a current
limit to remove remaining charge and suppress rebound. Figure 6 shows the current flow.

 

Figure 6. Short-Circuit Mode.
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Short-Circuit Mode enables the final stage of the discharge process by allowing current
to flow directly through the EoL battery. In this mode, switch S2 is activated, permitting
a constant current to pass from the battery through S2 and inductor L1. This operating
mode is initiated once the EoL battery voltage drops below 5 V and remains active for one
hour to ensure complete energy removal and to mitigate excessive post-discharge voltage
relaxation [17].

3. Design Guidelines and Control
This section outlines the methodology employed for sizing inductors L1–L3, capacitors

C1–C2, and switches S1–S6, along with the derivation of duty cycle calculations across
the various operating modes. It further elaborates on the rationale underlying the voltage
thresholds that delineate these modes and describes the corresponding control strategies
implemented for each.

3.1. Bypass Mode

As stated in Section 2.3, in Bypass Mode, S1 is always on and the inverter is active,
to transfer energy from the EoL battery to the grid. As such, the primary mechanism of
this mode is the PWM single-phase inverter, whose control and component sizing will be
discussed in this section.

The fundamental control architecture of the PWM grid-tied inverter analyzed in this
study is illustrated in Figure 7. The system operates under a current-controlled framework
that employs a phase-locked loop (PLL) to generate a unit-amplitude cosine reference
signal (1 V peak). This signal is multiplied by the current command, which is scaled by√

2 to produce the root-mean-squared (RMS) current reference. The instantaneous current
error is then obtained by subtracting the measured grid current from this reference. This
error signal is processed by a proportional-resonant (PR) controller, the output of which
is subsequently compared with a high-frequency sawtooth carrier waveform. When the
PR controller output exceeds the sawtooth waveform, switches S4 and S5 are activated;
conversely, when it falls below the sawtooth waveform, switches S3 and S6 are engaged.
The overall system configuration and sawtooth-to-PWM control was informed by the
methodology presented in [18].

Figure 7. Block diagram of inverter controls.

To determine the appropriate component values, the desired grid current of 50 A, grid
frequency of 60 Hz, and grid voltage range of 208–240 VAC, as summarized in Table 1,
were considered. A switching frequency of 50 kHz was selected, and the total inductance
required was calculated using Equation (1) [18]. The resulting inductance was then equally
divided between inductors L2 and L3.

Ltotal =
VdcMax

4Fsw∆IppMax
(1)
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Ltotal =
1000

4(50, 000)
(√

2 × 50
)(

2.5
√

2
) = 2 mH, (2)

This means that L2 = L3 = 1 mH. Similarly, for switches S3–S6, the maximum current
rating is determined based on the peak grid current, calculated as 50 ∗ √2 , and the contin-
uous current rating would be half of the 50 Arms rating because each of the four switches
is only on for half of a whole grid cycle. The maximum voltage rating corresponds to the
highest allowable DC-bus voltage of 1000 V. For a manufactured device, a factor of safety
should be multiplied by these numbers to ensure safety.

The PR controller used is defined by Equation (3) [19], where the resonant angular
frequency is given by Wr = 2π60 rad

sec , the damping ratio is chosen as ζ = 0.01, the integral
gain is Ki = 1, and the proportional gain is Kp = 0.02. The parameters ζ and Kp were tuned
by sweeping their values and selecting the combination that minimized the total harmonic
distortion (THD) of the grid current.

G(s) = Kp +
2KiζWrs

s2 + 2ζWrs + W2
r

(3)

Bypass Mode is employed when the EoL battery voltage lies between 400 V and
1000 V. Within this range, the DC-bus voltage is maintained above the peak grid voltage,
VgridPK = 240

√
2 ≈ 339 V, thereby preserving inverter stability and avoiding system faults.

The lower bound of 400 V provides a safety margin that accounts for DC-bus ripple and the
finite response time of the controller as the EoL battery voltage approaches this threshold.
When the EoL battery voltage drops below 400 V, the inverter is disabled for 10 ms to allow
the current to settle before the boost converter and inverter are re-enabled, at which point
the system transitions into Boost Mode.

3.2. Boost Mode

Boost Mode operates similarly to Bypass Mode but with the boost stage active. Boost
Mode defines DC-bus capacitance (represented by C1 and C2) as if the DC-bus voltage is
too low; then, the ripple voltage can sag below the grid’s peak voltage of ~339 V, which
will cause the system to destabilize. Therefore, either C1 and C2 can be increased, or the
DC-bus voltage can be boosted higher to allow for more voltage ripple. In this study, C1
and C2 are chosen to be 400 µF, and to avoid the poor performance of boost converters at
very-low-duty ratios, the DC-bus voltage reference is set to 450 V. The duty ratio of the
boost stage is determined by the ratio of the input and output voltages, as expressed in
Equation (4) [20]. Rearranging Equation (4) yields the duty-cycle expression in Equation (5).

Vout

Vin
=

1
1 − D

(4)

D = 1 − Vin
Vout

(5)

Open-loop control is adopted for the boost stage because the dominant line-frequency
harmonic at 120 Hz, arising from the single-phase inverter, is impractical to suppress
via feedback control. An anti-windup scheme is also implemented to mitigate overshoot
during start-up. Figure 8 illustrates how Equation (5) is implemented to accommodate
variations in the EoL battery voltage.
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Figure 8. Block diagram of boost converter controls.

3.3. Heating Mode

Heating Mode disables the inverter and instead circulates current into and out of the
EoL battery using only the boost-stage circuitry. The control architecture consists of a simple
open-loop scheme that accepts an RMS current command and references the instantaneous
EoL battery voltage to generate an inverted resistance command. This command is then
multiplied by an equivalent resistance constant, Req, yielding a unitless scaling factor. The
constant Req is defined as the ratio of the maximum EoL battery voltage to the maximum
current that the system can deliver at that voltage when operating at a duty cycle of 0.1. To
ensure that even a large battery can be heated and to increase the amount of power Heating
Mode can dissipate from the battery, the desired circulating current is 150 Arms. Because
the duty cycle can be swept from 1 all the way down to 0.1, both S1 and S2 should be rated
for the full 150 Arms and the peak current defined by the RMS value multiplied by

√
3 or

~259 A.
Note that Req is driven off the size of L1, and if L1 deviates because of manufacturing

tolerance, cable inductance, or even EoL battery inductance, then Req will need to be
adjusted. In a manufactured device, Req should be measured and tuned each time the
device is used, but for this study, L1 is chosen as 200 µH, and an Req of 0.79 was found.

To invert the scaling factor, it is subtracted from the zero-crossing reference rzc—a
dimensionless value near unity determined by adding the minimum duty cycle (0.1) to
a constant offset of 1. The resulting value is passed through a saturation block to ensure
operation remains within the linear region of the power stage. The saturated output then
serves as the input to a PWM generator, implemented using the same modulation strategy
employed in both Boost Mode and Bypass Mode. This process is shown in Figure 9.

Figure 9. Block diagram of Heating Mode controls with rzc = 1.1 and Req = 0.79.

3.4. Short-Circuit Mode

Short-Circuit Mode is entered when the EoL battery is at a low enough voltage where,
when short-circuited, the current through S2 is low enough for the switch to handle. Since
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the current draw is limited by the threshold defined by Heating Mode, the current draw
must be limited to 150 A. Assuming the inductor has 10 mΩ, the EoL battery has 10 mΩ,
and the switch has 10 mΩ of DC resistance, Short-Circuit Mode can be entered at ~5 V.

4. Simulation Results
Simulation results for all operating modes were generated in PLECS using a common

set of model parameters, detailed in Table 2. Thermal analysis of the switches, capacitors,
inductors, and the EoL battery are out of the scope of this paper. Figure 10 shows the exact
PLECS set up used for all simulations.

Table 2. Key model parameters.

Parameter Value

L1 200 µH
L1 Rdc 10 mΩ
C1/C2 400 µF
C1/C2 ESR 1 mΩ
EoL battery internal resistance 30 mΩ
L2/L3 1 mH
L2/L3 Rdc 30 mΩ
S1–S6 Rds 16 mΩ

The EoL battery is modeled as a controllable voltage source with 30 mΩ of internal
resistance. The Battery voltage is measured after this internal resistance, meaning that as
current is ramped up, the observed battery voltage drops proportionally.

4.1. Bypass Mode

Bypass Mode was validated by sweeping Vbat from 1000 V to 400 V, thereby showcas-
ing the system at all expected input voltage ranges. Figure 11 shows that Bypass Mode
has <3% THD for all Vbat voltages and achieves 50 Arms throughout the sweep when not
accounting for state transitions. During Bypass Mode, an average efficiency of 97.9% is
measured when considering the switching and conduction losses of all FETs, conductive
losses in L1–L3, and conductive losses in C2–C2. Most of the losses occur in L2 and L3.

4.2. Boost Mode

Boost Mode was validated by running two Vbat sweeps to showcase starting in Bypass
Mode and transitioning to Boost Mode and one sweep starting in Boost Mode. Figure 12
shows the sweep starting in Bypass Mode and validates the state-change process and
the entire input operating voltage range. Figure 13 validates starting in Boost Mode and
confirms the entire input operating voltage range. Throughout both simulations, DC-bus
voltage remains under the 1000 V upper limit and over the 350 V lower limit, with margin
to spare. THD also remains under 3%, and the grid current can be maintained at 50 A for
the duration of both tests, excluding state transitions.
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Figure 10. PLECS simulation setup.
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Figure 11. Bypass Mode with Vbat sweep from 1000 V to 400 V.

Figure 12. Boost Mode with Vbat sweep from 425 V to 200 V.
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Figure 13. Boost Mode with Vbat sweep from 350 V to 200 V.

During Bypass Mode, an average efficiency of 97.5% is measured when considering
the switching and conduction losses of all FETs, conductive losses in L1–L3, and conductive
losses in C2–C2.

4.3. Heating Mode

Heating Mode was validated by running two Vbat sweeps to showcase starting in
Boost Mode and transitioning to Heating Mode and one sweep starting in Heating Mode.
Figure 14 shows the sweep starting in Heating Mode and validates the state-change process
and the entire input operating voltage range. Figure 15 validates starting in Heating Mode
and confirms the entire input operating voltage range. Throughout both simulations,
DC-bus voltage remains under the 1000 V upper limit. Note that when the EoL battery
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voltage drops below around 120 V, the current recirculation circuit is unable to maintain
150 Arms without boosting the DC-bus voltage above the 1000 V limit. At this point, the
control system is in saturation and maintains a constant duty cycle.

Figure 14. Heating Mode sweeping from 210 V to 5 V.

The heat generated due to conductive losses arising from the internal resistance of
the battery, under a sustained current of 150 Arms, is estimated to be 689 W. The thermal
capacity of a large-format lithium-ion cell has been reported as 541 J/K for a 489 g cell [21].
Extrapolating this value to a Tesla Model 3 battery pack with an approximate mass of 300
kg yields an estimated total thermal capacitance of 332 kJ/K.
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Figure 15. Heating Mode sweeping from 199 V to 5 V.

Assuming a temperature increase from 25 ◦C to 40 ◦C, the total thermal energy required
is approximately 4.98 MJ (equivalent to 1.38 kWh). During the Bypass and Boost operating
modes, the battery is estimated to experience a net heating rate of approximately 100 W.
Under the simplifying assumption of negligible thermal losses to the environment, this
would result in a temperature increase to approximately 32 ◦C.

Consequently, an additional energy input of approximately 880 Wh during Heating
Mode would be required to reach 40 ◦C. At an operating current of 150 Arms, this corre-
sponds to a heating duration of approximately 1.3 h. If a battery pack with lower internal
resistance is being discharged or if the pack has higher thermal capacity, this time would be
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increased. Similarly, if the pack being discharged has higher internal resistance or a lower
thermal capacity, this time would be decreased.

Figure 16 shows L1 with a 10% deviation in value without changing the control
parameters. Note that Vdc_bus increases to 1400 V, which is well above the 1000 V threshold,
and the Irms value increases to 185 Arms when prompted for 150 Arms. These deviations
in results due to a simple 10% tolerance highlights the need for device parameter tuning
during manufacturing.

Figure 16. Heating Mode sweeping from 210 V to 5 V with L1 = 220 µH.

4.4. Short-Circuit Mode

Short-Circuit Mode was validated through two Vbat sweep simulations: one initiated
in Heating Mode and subsequently transitioned into Short-Circuit Mode, and another
initialized directly in Short-Circuit Mode. The sweep beginning in Heating Mode, shown
in Figure 17, verifies the correctness of the state-transition logic. Figure 18 further demon-
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strates proper initialization within Short-Circuit Mode and confirms stable operation across
the full intended input voltage range. In both simulations, the EoL battery current remained
below the 200A design limit, thereby satisfying the specified safety constraint.

Figure 17. Short-Circuit Mode sweeping from 7 V to 0 V.

Figure 18. Short-Circuit Mode sweeping from 4 V to 0 V.

The voltage-relaxation behavior of three individual cells measured at different temper-
atures is shown in the LithoRec study [14]. In the LithoRec study, the cell conditioned at
40 ◦C exhibited the smallest relaxation [14]. This is consistent with the substantially reduced
internal resistance at elevated temperature (reported as ~1.3 mΩ at 40 ◦C versus ~11.2 mΩ
at 0 ◦C and ~26.5 mΩ at −20 ◦C shortly after load application) [14]. This temperature
dependence aligns with impedance spectroscopy measurements from Western Michigan
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University, which show that both interfacial and conductive resistance components decrease
markedly as temperature increases (e.g., cathodic interfacial resistance falling multiple-fold
when heating from 0 ◦C to 40 ◦C, depending on chemistry and SOC) [22]. Maintaining cells
at a moderately elevated temperature (around 40 ◦C) is therefore important because it low-
ers internal resistance and improves ionic transport, enabling more predictable discharge
and relaxation behavior during processing.

In a recycling context, controlling the cells to be 40 ◦C is safety-relevant: strong
temperature-dependent relaxation can lead to significant voltage rebound after disconnect-
ing a short circuit, which may create unexpected electrical hazards in downstream steps
(e.g., handling or shredding) if the residual state is misinterpreted.

In addition to temperature, the duration of the applied short circuit is a critical param-
eter governing subsequent voltage relaxation [14]. To achieve the 5% target described in
Section 2, the LithoRec results indicate that a minimum short-circuit period of at least one
hour is required, but 24 h is explicitly recommended [14]. However, because processing
throughput is a primary economic driver for the proposed device, further investigation is
needed to identify the shortest short-circuit duration that still reliably meets the relaxation
criterion across relevant cell types and operating conditions. Voltage relaxation typically
levels out after 3 or 4 h after the load has been removed [14]. Therefore, it is recommended
to check the batteries’ voltage relaxation level approximately 5 h after the device has been
disconnected from the battery to confirm that it is fully discharged before shredding.

5. Limitations and Future Work
Additional research on energy contained within lithium-ion cells below 2.5 V is also

needed to validate acceptable rebound voltage thresholds and to create a model that can be
used to simulate the voltage rebound of cells post full discharge. If the amount of energy
stored within the battery after voltage rebound is less than that required to heat the thermal
capacitance of the battery above 60 ◦C from room temperature, then shredding should not
be able to cause a thermal event.

The present study focused on detailed modeling and simulation, which is a limitation,
but the findings indicate a foundation for future hardware development. Verification
through hardware, particularly of current recirculation heating effects, grid-tie performance,
EMI behavior, and BMS-integrated safety interlocks, will be essential to validate real-
world performance.

In regard to safety within a potential hardware design, several additional protective
measures must be incorporated. These include an input fuse between L1 and the EoL
battery, output fuses on all three grid connection lines, an isolation monitoring device, and
switch-level over-temperature and over-current protection. In addition, a dedicated soft-
ware task with override capability should continuously monitor the EoL pack temperature
and disconnect the device if the pack temperature exceeds 45 ◦C. Columbia University
presented a study finding that transformerless EV chargers with V2G capabilities can
meet UL standards, which suggests that the topology presented in this paper can achieve
practical UL certifications [23].

A further limitation of the present work is that the control architecture was evaluated
only in simulation under idealized sensing and actuation assumptions. In a practical
prototype, measurement noise in battery voltage, grid voltage, grid current, and pack
temperature signals, along with sampling delays, PWM dead time, switch non-idealities,
and parameter drift, may alter the observed dynamic response and reduce control accuracy.
In particular, the transition boundaries between Bypass, Boost, Heating, and Short-Circuit
modes may require hysteresis, filtering, and supervisory timing logic to avoid undesired
mode chatter under noisy real-world conditions. Likewise, the open-loop elements used in
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the boost and heating controls may prove sensitive to inductance tolerance, cable parasitics,
contact resistance, and battery-to-battery variation, indicating that calibration and adaptive
parameter identification will likely be necessary in a hardware implementation.

From a real-time implementation perspective, the proposed control structure is feasible
with a conventional embedded controller or digital signal processor because the inverter,
boost-stage PWM, and mode-transition logic require only standard voltage/current sam-
pling, PLL synchronization, and low-order PR/open-loop duty-cycle calculations. In
practice, the PWM and grid-current control loops would operate at the selected 50 kHz
switching rate or a synchronized submultiple, while slower supervisory functions—such
as BMS temperature monitoring, mode hysteresis, fault checks, and user-interface
updates—can run on millisecond-to-second timescales without imposing significant com-
putational burden.

From an implementation standpoint, several practical challenges also remain before
the proposed system can be deployed in a workshop or recycling environment. Reliable
communication with the battery management system must be established across different
manufacturers and pack architectures so that temperature, voltage, and fault data can
be acquired with sufficient speed and robustness for safety-critical decisions. In addi-
tion, electromagnetic interference, common-mode leakage currents, grounding strategy,
enclosure design, thermal management of semiconductor devices and magnetics, and
fault handling during abnormal grid or battery conditions must all be experimentally
verified. Future work should therefore include the construction of a laboratory prototype
and staged validation under realistic operating conditions, including sensor noise, com-
munication interruptions, line disturbances, and component tolerances, to confirm that
the proposed topology and control strategy remain safe, stable, and effective outside the
simulation environment.

6. Conclusions
This paper introduced a deep-discharge device that integrates a synchronous boost

converter, current recirculation heating circuit, and single-phase grid-tied inverter to safely
and rapidly process EoL EV batteries. The four-mode operational framework—Bypass,
Boost, Heating, and Short-Circuit—enables controlled energy extraction from packs span-
ning 0–1000 V while also establishing an initial approach for meeting safety requirements,
ensuring practical workshop usability, and limiting state-of-charge rebound to below 5%.

Simulations across the full operating range confirmed stable DC-bus behavior, low
current distortion, correct state transitions, and proper current limiting, as shown in
the mode-validation sweeps (Figures 11–17). These results collectively demonstrate that
the proposed architecture can transfer energy efficiently to the grid while also utilizing
current recirculation heating to suppress post-discharge voltage recovery. It should be
noted that simulation-based results have limitations and experimental results have not
been performed.

With this device, discharge times for a Model 3 basic battery pack (57.5 kWh) can be
cut down from ~100 h with a brine bath to ~7 h. This difference in time drastically changes
the economics of discharge-based EV battery recycling.

A rough estimation of energy consumption, discharge time, total time including
labor, voltage relaxation after process, and grid energy recovered for all existing discharge
methods is illustrated in Table 3. Note that energy consumption for the proposed system is
the efficiency of the system multiplied by the energy in the battery plus the energy required
to heat the battery.
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Table 3. Quantitative comparison of deep-discharge techniques for Model 3 battery.

Parameter Proposed
System

Existing
Inverters

Resistive
Load Brine Bath Pyrometallurgy

Energy consumption ~3.2 kWh ~2.9 kWh 57.5 kWh 57.5 kWh 57.5 kWh
Discharge time ~7 h ~12 h ~24 h ~100 h ~10 min
Total time including labor ~7.5 h ~22 h ~24.5 h ~101 h ~5 h
Voltage relaxation ~1 V per cell ~1 V per cell ~1 V per cell 0 V per cell 0 V per cell
Grid energy recovered 53.75 kWh 54.6 kWh 0 kWh 0 kWh 0 kWh

Main hazards BMS comms
Link

Exposed HV,
Mis-wiring,
Short-circuit,
Temp sensors
misplaced

Fire hazard
at high
currents,
No thermal
feedback

Toxic gas,
corrosion,
casing
degradation

Exposed HV,
Short-circuit
potential

Compared with existing inverters, the proposed system would take ~2.9 times less total
time, mainly due to the proposed BMS gateway integration, which eliminates the need for
technicians to open the battery, while still recovering similar energy amounts to the power
grid. When compared with more common methods like the brine bath, ~18x less energy is
consumed in the process while taking ~13.5 times less time to complete a discharge. Only
pyrometallurgy beats the proposed system in terms of time, but it has significant downsides
such as the remaining need to disassemble the battery before discharge, zero energy
returned to the power grid, and the degradation of recyclable materials. Depending on how
quickly the batteries can be disassembled, or if a pyrometallurgical process is developed
that can ingest entire battery packs, then pyrometallurgy continues to be a strong competitor
to our proposed solution. This makes it an attractive option for Redwood Materials.

Nonetheless, the demonstrated control strategy and topology offer the potential for a
practical, scalable, and safe pathway for the rapid, standardized deep discharge of EoL EV
batteries in service, evaluation, and recycling environments.

7. Patents
A patent application has been submitted for this work and is pending.
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Abbreviations
The following abbreviations are used in this manuscript:

EV Electric Vehicle
EoL End-of-Life
SoC State of Charge
NEMA National Electrical Manufacturers Association
BMS Battery Management System
PWM Pulse-Width Modulation
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PLL Phase-Locked Loop
RMS Root Mean Squared
PR Proportional Resonant
THD Total Harmonic Distortion
DC Direct Current
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