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Abstract

The charging rate of Li-ion batteries is limited by the risks of lithium plating and thermal 

damage, both of which negatively affect lifetime of the batteries. This work analyzes how to 

minimize charge time and manage the risk of degradation using both electrical and thermal 

controls. To accomplish this, an electrochemical-thermal model is developed to introduce a 

constant-risk fast charging protocol which maximizes the charging current while maintaining the 

cell within pre-defined design limits selected to minimize the risk of degradation. Results indicate 

80%-charging of a typical NMC/graphite cell can be achieved within 10 minutes with a cell cost 

under $100/kWh (corresponding to an 80-µm thick anode) when charged at moderate allowable 

risks of degradation. We also demonstrate how stretching the allowable risk (i.e., higher 

temperatures, larger C-rates, and lower anode potential limits) allows affordable design of fast 

charging cells.
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Introduction

Improving the fast charging capability of lithium-ion batteries is crucial to increase the 

widespread adoption of electric vehicles.1 In particular, progress requires the development of 

battery packs that can charge a large portion of their capacity (~80%) on time scales similar to the 

refueling of an internal combustion engine vehicle (<15 minutes).2–4 Fast charging of lithium—

ion batteries is done at high currents, which leads to increased heat generation and the potential 

for lithium plating in the battery.5–8 Both phenomena have been shown to increase degradation, 

which reduces cycle life and can increase safety risks.9–18 

Colclasure et al. have illustrated that, for conventional cells with moderately loaded 

electrodes (~1.5 to ~2.5 mAh cm-2 or ~30 to ~70-µm thick), fast charging in <15 minutes using 

standard constant current methods will trigger significant lithium plating.19  Further work has 

shown this can be mitigated by restricting the state of charge during fast charging to ~40% of the 

cells’ capacity, but it comes at a detriment to the range of the vehicle.20 Thus, modifications to the 

cell design and operating conditions beyond conventional practices are required to enable fast 

charging.

Considerable work has been done on achieving fast charging without triggering 

degradation mechanisms.  To achieve fast charging of the full usable capacity, several authors 

have outlined the need to reduce the cell impedance and improve the transport properties of lithium 

ions through the electrolyte and electrodes, which inhibits plating and reduces heat generation.19,21–

26 This includes reducing the electrode thickness by decreasing the loading.2 However, this 

increases the cost of the battery ($/kWh) by increasing the amount of non-active materials (i.e., 

current collectors and separators). 
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Besides modifying the cell, changes to the operating conditions have been proposed to 

achieve fast charging. For instance, increasing the temperature during charging improves the 

electrolyte properties and delays the onset of lithium plating.22,23 However, the temperature 

increase must be handled carefully to prevent degradation.13 Another option for decreasing the 

charge time is to  maximize the current at all states of charge without reaching the onset of lithium 

plating or increasing the cell temperature too high. The most common techniques are multi-stage, 

constant-current, (MCC) charging algorithms, which use insight from separate experiments (e.g., 

reference electrode measurements, volume expansion data, and post mortem analyses) to design 

protocols that systematically adjust the current during charging.13,27,28 In addition, electrochemical 

models have been used to further refine the charging protocols. These models have highlighted the 

importance of using multiple current steps and/or ramping voltages during charging.29–33

The primary control-lever for the fast-charging protocols described in the previous 

paragraph is the electrical operation of the cell – i.e., applied current/voltage.  Several protocols 

also set an elevated initial temperature as a secondary control.29,31 However, the temperature is 

only set at the beginning of charge and does not supply feedback to the control scheme. For 

instance, there are no changes in the applied current/voltage or cooling conditions (i.e. thermal 

management) to protect the battery from excessive temperatures during fast charging. This is likely 

because the above protocols focus on preventing lithium plating, with less concern about thermal 

degradation. However, limitations on both lithium plating and maximum temperatures should be 

included into fast-charging protocols to prevent degradation.13 This implies that the real limit for 

fast charging of an EV battery pack will depend on the entire control system: electrical and thermal.

This work seeks to lay the groundwork for developing fast charging protocols by studying 

the theoretical limits of fast charging using both control systems: electrical and thermal. A constant 
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risk (CR) charging profile is presented that controls the current to minimize charging time, while 

maintaining the cell within pre-defined boundaries (i.e., maximum charging current, maximum 

cell temperature, and minimum overpotential to prevent lithium plating) that constrain the risk of 

degradation. A continuum-level model of a lithium-ion pouch cell is used to simulate charging 

with the constant risk profile. These simulations are coupled with three thermal management 

conditions: adiabatic, constant thermal management, and active thermal management, where the 

latter incorporates feedback based on the temperature of the cell. These cooling conditions 

demonstrate ways to use the entire battery management system (electrical and thermal) to control 

fast charging while preventing degradation. Results, which are based on theoretical calculations 

and estimated parameter values, should be considered as upper-bounds or best-case scenarios for 

fast charging within thermal and electrochemical boundaries. This information is incorporated into 

a battery performance and cost model (i.e., BatPaC: a freely available software from Argonne 

National Laboratory) to quantify the impact of fast charging requirements on battery cost.34

Model Description 

An overview of the model used in this work for a graphite/NMC 532 cell is described in 

Figure 1. This cell chemistry was selected because it is a commercially available, high-energy cell 

used in electric vehicles with a significant amount of literature on its thermal and electrochemical 

properties.22,35–37 Details on the model equations, constants, parameters, and solving methodology 

can be found in the Supplemental Procedures. To summarize, a 3-D thermal model of a stiff pouch 

cell is coupled with two, 1-D electrochemical models. The 3-D model predicts the temperature 

distribution in the cell during fast charging.  The first electrochemical model (solved at Tavg) is 

used to determine the heat generation rate within the 3-D thermal model and overall 
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electrochemistry of the cell. The second electrochemical model (solved at Tmin) is used to predict 

the onset of lithium plating based on the anode overpotential at the separator-anode interface.  This 

approach reduces calculation times in large-scale simulations compared to fully coupled 3D 

models, still providing accurate local variables. Its validation to a fully coupled 3D model is 

presented in the Supplemental Procedures.38,39

The model is used to study the limits of fast charging under thermal and electrical 

considerations, whereby the model controls the charging current and the coolant flow based on the 

trajectory of the lithium plating overpotential and the cell temperature. To control the charging 

current, a constant risk (CR) charging protocol is introduced that maximizes the current within 

pre-defined, operational limits that minimize the risk of degradation (see Supplemental Procedures 

for details). These limits are set for the following design variables: i) the maximum allowable C-

rate to prevent particle fracturing (Ilim), ii) the maximum allowable temperature to prevent 

electrolyte decomposition (Tmax,lim), and iii) the minimum allowable overpotential to protect 

against lithium plating in the anode (ηPP).  At all times, the model operates at the maximum 

allowable C-rate unless Tmax,lim or ηPP are reached, at which point the current is reduced and/or 

thermal intervention is employed to minimize the risk of degradation (see next section for details).  
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Figure 1. Overview of the electrochemical-thermal model: a 3-D thermal model is coupled with 

two, 1-D electrochemical models solved at different temperatures within the cell. 

(A) CAD rendering of the simulated cells within a battery module. 

(B) Rendering of the simulated cell with an aluminum cooling plate. Both components are included 

in the thermal model. The cell geometry is kept constant for all simulations. 

(C) Schematic of the battery module showing the location of the cooling channels along the flanged 

portion of the aluminum plate. The thermal model accounts for heat transfer between the coolant 

and the flanges. 

(D) Image of the cell during a thermal simulation. Cooling occurs on type-‘ ’ and type-‘ ’ faces 𝒂 𝒃

from contact with the aluminum plate. Type-‘ ’ faces are assumed adiabatic. Tavg and Tmin from 𝒄

this simulation are used as inputs into the electrochemical models. Tmax is used as feedback to 

control the coolant flow and charging current, for applicable cases. 

(E, F) Schematics of 1-D electrochemical models solved at (E) Tavg and (F) Tmin in the 3-D cell. 

Both models have identical structures but are solved at different temperatures. Heat generation 
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predicted by model in (E) is used as input into 3-D thermal model. The onset of lithium plating 

predicted by model in (F) is used as feedback to control the charging current. 

Results & Discussion

This work starts by analyzing the fast-charging behavior of a Li-ion cell using the CR 

charging protocol with three possible thermal management strategies: zero (adiabatic), constant 

(always on), and active (on/off control) (Figure 2). Motivated by the results of this analysis, a 

detailed study of the constant-risk protocol with active thermal management (CR-ATM) is 

presented in Figures 3 and 4. Once thoroughly examined, the CR-ATM protocol is used to explore 

how the cell design (namely electrode loading) and allowable risks of degradation (Ilim, Tmax,lim, 

and ηPP ) impact the cell’s fast-charging time (Figure 5). Finally, work is presented quantifying the 

impact of fast charging requirements on battery cost (Figure 6).

 

Optimizing thermal and electrical control strategy

The model was first exercised to simulate the CR charging protocol from 15-95% SOC in 

combination with three thermal management scenarios: zero thermal management (ZTM), 

constant thermal management (CTM), and active thermal management (ATM). Figure 2 provides 

examples of the simulated results, with simulation details reported in the caption.  In the Figure, a 

maximum allowable C-rate (Ilim) of 6C was selected to target 10-minute charging times. Additional 

simulations for all three scenarios with Ilim ranging from 2 to 12C can be found in Figures S1 to 

S3. For all runs, a maximum allowable temperature Tmax,lim of 55 °C was selected to represent 

limits for Li-ion cells with standard, carbonate-based electrolytes. A lithium-plating protection 

overpotential (ηPP) of 10 mV was selected to conservatively prevent lithium plating, which 
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theoretically occurs at <0 mV. ηPP should have a margin that reflects uncertainties in model and 

control tolerances, such as micro-structural inhomogeneities of the risk condition in the presented 

model.40A 60-µm thick anode and 50-µm thick cathode were selected to represent the mass loading 

of a typical EV cell.  In Figure 2, four illustrative cases are shown:

Case 1. Zero Thermal Management (ZTM) with No Temperature Limit. This case assumes 

there is no heat transport from the cell system, whereby the system consists of the cell, the 

aluminum cooling plates, and the static coolant in the coolant channel. The process begins by 

charging at Ilim (Fig. 2C). Without any heat removal, the temperature remains uniform within the 

cell and continuously rises with time (Figures 2A and 2B). Due to the increased temperature, the 

ionic resistance in the cell is reduced and the anode never reaches the ηPP set to prevent lithium 

plating (Fig. 2D). Therefore, the cell maintains Ilim during the entire charge (Fig. 2C). A similar 

behavior is observed for Ilim up to 8C (Fig. S1). For 10C and 12C, ηPP is reached early on during 

charge (<20% SOC), which causes the CR protocol to reduce the C-rate, limiting the advantage of 

charging at higher rates. Note that, because there is no thermal control, the cell exceeds the 

assumed Tmax,lim of 55 oC at ~70% SOC according to Fig. 2A, which violates the constant risk 

protocol and could lead to increased degradation. This behavior occurs for all C-rates above ~4C 

(Fig. S1A), whereby the overshoot increases with increasing C-rate.

Case 2. Zero Thermal Management (ZTM) Accounting for Maximum Temperature 

(Tmax,lim). This case is operated under the same adiabatic conditions as Case 1. However, instead 

of charging at Ilim equal to 6C, Case 2 charges the cell at the highest possible C-rate that does NOT 

cause the cell to surpass Tmax,lim (Fig. 2A). This corresponds to a charge rate of 4.1C. Like Case 1, 

the heating of the cell prevents the plating potential from reaching ηPP (Fig. 2D). The cell can 

maintain the 4.1C rate during the entire charge (Fig. 2C).
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Case 3. Constant Thermal Management (CTM). Here, the coolant flows through the 

channel at a constant rate and the heat removal rate is proportional to the temperature difference 

between the average coolant temperature and the conducting metal wall adjacent to the cell 

surfaces. As shown in Fig. 2C, the cell is charged at the maximum C-rate of 6C up to ~30% SOC. 

At ~30% SOC, ηPP is reached (Fig. 2D). This triggers the plating protection mode in the CR 

protocol, whereby the cell is now operated at the highest possible current without causing the 

potential to dip below ηPP (see constant voltage region in Fig. 2D and decaying current in Fig. 2C). 

The lithium plating potential is reached because the minimum temperature in the cell is ~20 °C 

(Fig. 2B). Cold temperatures cause sluggish intercalation kinetics, which increase overpotentials 

at the anode.41  For instance, ηPP is reached in all simulated values of Ilim down to 2C (see Fig. S2). 

Note that, for the 6C example, at the specified coolant flow rate of 6.8 kg/(m²·s), which 

corresponds to a pack level heat removal of 6 kW, the coolant temperature remains within 16.5 ± 

1.5 °C.

Case 4. Active Thermal Management (ATM). In this case, the coolant flow is turned on 

if/when the temperature at any location in the cell approaches Tmax,lim to within a specified value 

ΔT (say 1oC). Conversely, the coolant flow is turned off if/when the maximum temperature in the 

cell drops to more than ΔT below Tmax,lim. Fig. 2B shows that, in this example, the coolant flow is 

turned on at ~67% and ~91% SOC and off at ~74% SOC, as indicated by the abrupt changes in 

the minimum temperature within the cell. This maintains the maximum temperature close to 

Tmax,lim (Fig. 2A). On/Off control of the coolant flow maintains a reasonably high temperature at 

all points in the cell (Fig. 2B), which allows the cell to operate at Ilim for most of the charging 

period (Fig. 2C) without reaching ηPP (Fig. 2D). Unlike the other cases, there is a non-negligible 

constant voltage step, whereby the cell is held at 4.2 V (the upper cutoff voltage) for the final ~5% 
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SOC (Fig. 2E). Note that, for cases where Ilim >6C (Fig. S3), the achievable current is limited by 

ηPP, causing all cases to have similar charging times (Fig. S3F).

A comparison of the charging times for all four cases is shown in Fig. 2F. For these cases, 

CTM (Case 3) shows the longest charging time of ~18 minutes, due to the need to reduce the C-

rate to prevent lithium plating at cold temperatures. The next longest is the ZTM accounting for 

maximum temperature (Case 2), which has a charging time of ~12 minutes. After that, ATM (Case 

4) and ZTM with no T limit (Case 1) both have a charging time of 8 minutes. Note that ATM (Case 

4) is able to achieve this without causing the temperature to exceed Tmax,lim, while ZTM with no T 

limit exceeds Tmax,lim by ~10 °C, which violates the CR protocol.

These results produce several important conclusions. First, under adiabatic conditions, the 

increasing temperatures avoid ηPP and recharge of 80% of the cell’s capacity in well under 10 

minutes can be achieved. However, since excess temperatures negatively affect the cycle life, 

prudent operation demands changes to the protocol. One method is to reduce Ilim to prevent 

temperature overshoot. However, this increases charge time. Another method is to employ a 

cooling strategy. In such cases, cell cooling establishes temperature gradients, and the C-rate has 

to be managed with respect to the coldest point in the cell. As a result, a constant thermal 

management strategy which continuously cools the cell has significant draw backs due to low local 

temperatures and increased charging times. An active thermal management strategy which 

dynamically controls the cooling applied to the cell appears to be the best method for maintaining 

high C-rates while preventing temperature overshoot during fast charging.
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Figure 2. Charging curves for thermal management cases. 

(A-B) Maximum and minimum cell temperature from the thermal model. 

(C) Charging current reported as C-rate. 

(D) Lithium plating overpotential taken at the separator-anode interface from the electrochemical 

model simulated at Tmin. 

(E) Cell voltage from the electrochemical model simulated at Tavg.

(F) Charging time required to charge the cell from 15% to 95% state of charge. 
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All simulations used an initial temperature (T0) of 25 °C, a coolant temperature (Tclnt) of 15 °C, an 

overpotential cutoff of 10 mV for lithium plating protection, an upper cutoff voltage of 4.2 V and 

an anode thickness of 60 µm. The ATM, CTM, and ZTM (no T limit) cases have a maximum 

charge rate of 6C. The ATM case has a maximum allowable temperature (Tmax,lim) of 55 °C with 

the coolant flow triggered at 54 °C. The ZTM case (Case 1) has a maximum C-rate of 4.1C, which 

was the highest allowable C-rate without reaching Tmax,lim = 55 °C.

The above cases suggest that an active thermal management strategy has the potential for 

fast charging times while also preventing degradation when combined with the CR protocol. To 

explore this method further, a set of simulations were run with a spread of charging design limits 

and initial conditions. The graph and table in Figure 3 show charging times and provide 

descriptions for 20 cases, respectively. The current, temperature, and voltage profiles for each case 

can be found in Figures S4-S7. For all cases, simulations were operated with a coolant temperature 

of 15 °C, a maximum C-rate of 6C, and a 60-µm thick anode (50-µm thick cathode). All cells were 

charged from 15% to 95% SOC using the constant risk protocol. Active thermal management was 

employed in all cases except A, B, and C, which represented constant thermal management (Case 

3 above), zero thermal management accounting for maximum temperature (Case 2 above), and 

zero thermal management (Case 1 above), respectively. All other relevant conditions for each case 

are included in the Figure. 

Note that conditions D, F, K, O, and Q represent the baseline scenario with active thermal 

management shown in Figure 2 (Case 4). The first set, “Cooling Method” (A-D), summarizes the 

results in Figure 2F and clearly reiterates the benefit of active thermal management. The next 

largest impact on charging time is the maximum allowable temperature (Tmax,lim), whereby 
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increasing Tmax,lim from 35 to 55 °C is shown to decrease the charging time from 12.5 to 8 minutes 

(I-L). Further increases in Tmax,lim have a negligible impact on charging time because all cells 

operated with Tmax,lim ≥ 55 °C maintain the 6C-rate during charging (Fig. S5). Next, the 

overpotential cutoff (ηPP) (Q-T) has a slight impact, where increasing the overpotential from 10 to 

40 mV increases the charging time by ~1 minute. The impact is slight because it only effects the 

charging current when SOC >75% (Fig. S7). The initial temperature (E-H) is shown to have little 

impact on the charging time due to the ability of the cell to quickly heat up at the high C-rate used 

for fast charging (Fig. S4). Note that there is a slight oscillatory relationship between initial 

temperature and charge time due to the on/off control of the coolant flow (Fig. S9). Interestingly, 

the temperature that controls when the coolant flow is turned on/off (M-P) has a minimum at 54 

°C (or 1 °C below the Tmax,lim). The decrease in charge time from 45 to 54 °C is explained by the 

benefits of operating the cell at higher temperatures. The increase in charging time from 54 to 55 

°C (ΔT from 1 °C to 0 °C) is caused by the constant risk protocol, which reduces the current when 

Tmax > Tmax,lim to prevent overheating (see Figures S6 and S8 for further discussion).

  

Figure 3. Impact of conditions on charging time. 
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All simulations were operated with a coolant temperature of 15 °C, a maximum C-rate of 6C, 

and a 60-µm thick anode. A, B, and C are the only cases not run with ATM. All other relevant 

conditions are included in the table. 

 Constant risk charging protocol with active thermal management

A detailed demonstration of the constant risk charging protocol with active thermal 

management controls was conducted using condition E in Figure 3 (see Figure 4).  Condition E 

was chosen because the 15 °C initial starting temperature ensures the lithium plating protection is 

triggered in the demonstration. To elaborate, the cell starts at a uniform temperature of 15 °C (Fig. 

4D) and is charged at Ilim equal to 6C (Fig 4B). During the first ~20 seconds, the lithium plating 

overpotential (measured at the anode-separator interface) drops rapidly due to the high C-rate (Fig. 

4B) and moderate temperatures (Fig. 4A). At ~20 seconds, the anode reaches ηPP (10 mV) and 

triggers the plating protection mode. From 20 to 100 seconds, the plating protection mode charges 

the cell at the highest possible current without surpassing ηPP. After 100 seconds, the cell reaches 

and sustains Ilim again due to increasing cell temperature.

At time t1 (~6.25 minutes), the maximum temperature in the cell approaches Tmax,lim, which 

initiates the thermal protection mode and starts the coolant flow. Note that before the coolant is 

turned on, the temperature in the cell is uniform (the maximum and minimum cell temperature 

ranged within 2 °C) due to the adiabatic conditions (Fig. 4E). The coolant cools the edge of the 

cell more rapidly than the inside, which causes a decrease in the anode potential with decreasing 

Tmin as shown in Fig. 4C. Fig. 4F shows that the minimum temperature is located at the edge of the 

cell where there are two contact points with the aluminum conduction plate. At 6.75 minutes, the 

plating protection mode is triggered again. The thermal protection mode continues until t2, when 
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Tmax reaches Ton/off and cooling is stopped. The cell remains in plating protection mode until ~7.8 

minutes, when the 4.2 V cutoff is reached, and the constant voltage step is initiated.

Figure 4. Description of the optimized charging protocol with active thermal management.

(A) Maximum and minimum cell temperature from the thermal model.

(B) Charging current and lithium plating overpotential from the 1-D model at Tmin.

(C) Lithium plating potential distributions in the anode for both 1-D models at Tmin and Tavg for 

times t1 and t2.
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(D-G) Temperature distribution in the cell at four times during the charging process: start of 

charging, immediately before coolant flow is started, immediately after coolant flow is stopped, 

and end of charging.

Simulation uses parameters from condition E in Figure 3.

Charging time dependence on design parameters

Note that the anode thickness, which was set at 60 µm in all previous simulations, directly 

impacts the charge time since it changes the cell’s ability to remain within the three design limits 

(Tmax,lim, ηPP, and Ilim) during charge. To explore this concept further, a study was conducted using 

the model with the CR-ATM protocol to determine the maximum allowable anode thickness that 

will satisfy a given charge time from 15-95% SOC (Figure 5). All simulations were conducted 

using a constant cell volume for the 3-D model and a constant anode-to-cathode capacity ratio for 

the 1-D models. The results were obtained by running a set of simulations at each thickness for a 

range of Ilim (1 to 12 C for Figures 5A-5C) and selecting the minimum charge time within that 

range. Note that the minimum charge time is typically achieved at several values of Ilim within the 

range since the charge time is often controlled by the other design limits (Tmax,lim and ηPP). For each 

data point in Fig. 5, the lowest Ilim that achieves the same charging time is defined as Ilim,min, and 

its value is indicated by the color bar. See Figure S10 for further detail.

Figure 5 demonstrates how “riskier” design limits - i.e., higher Tmax,lim (Fig. 5A), lower ηPP 

(Fig. 5B), and higher Ilim (Fig. 5C) - make it possible for thicker cells to achieve a given charge 

time. For instance, the inset in Fig. 5A demonstrates that, for a desired 10-minute charge time, 

increasing Tmax,lim from 40 °C to 60 °C increases the maximum anode thickness from ~60 to ~90 

µm, which reduces the relative cost ($/kWh) and increases the energy density of the cell (see 

Page 16 of 27Energy & Environmental Science



17

Figures 6 and S11). In Fig. 5B, decreasing ηPP from 50 to 10 mV increases the maximum thickness 

from ~65 to ~85 µm for a 10-minute charge.

Note that, for these examples, the maximum thickness at 10 minutes is achieved with Ilim 

ranging from 6C to 8C, as indicated by the color of the datapoints. Depending on the cell chemistry, 

high C-rates can cause particle cracking, which increases degradation. In addition, some C-rates 

are un-achievable due to charger limitations. Therefore, practical implementation of the CR-ATM 

protocol may require lowering Ilim to account for these factors. To investigate this further, Figure 

5C demonstrates how limiting Ilim impacts the simulated results.  For desired charge times greater 

than 15 minutes, all five cases (4, 6, 8, 10, and 12C limits) result in the same anode thickness. This 

arises because, at these times, the maximum thickness is controlled by Tmax,lim and ηPP, which are 

kept constant for these simulations. At charge times less than 15 minutes, the maximum anode 

thickness asymptotes at charge times equal to 80% of the constant current charge time because 

ΔSOC is equal to 80%. For example, when Ilim is set to 4C, the charge time is equal to 80% of 15 

minutes (i.e., 12 minutes) for all thicknesses below ~70 µm. This indicates that cells with sub-70-

µm thick electrodes are limited by the C-rate and not Tmax,lim or ηPP in this example.
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Figure 5. Cell design curves for different charging times and degradation limits.

Maximum achievable anode thickness as a function of charging time and degradation limits using 

the CR-ATM algorithm. All simulations correspond to charging from 15% to 95% SOC. The color 

bar provides the value of Ilim,min,  the lowest Ilim that achieves the desired charge time at the reported 

thickness. Insets are zoomed-in data at 2.5 to 15 minutes charge times.

(A) Influence of the maximum allowable temperature (Tmax,lim) in the CR-ATM algorithm on the 

maximum allowable anode thickness at each charging time. Results obtained from simulations run 

at Ilim = 2 to 12C and ηPP = 10 mV.
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(B) Impact of decreasing the lithium protection potential (ηPP) in the CR-ATM algorithm on 

charging time. Results obtained from simulations run at Ilim = 2 to 12C and Tmax,lim = 55 °C.

(C) Effect of the maximum allowable charging current (Ilim) in the CR-ATM algorithm on charging 

time. ηPP = 10 mV and Tmax,lim = 55 °C for all simulations.

Economics of fast charging

One key benefit to maximizing the electrode thickness is it reduces the cost of the cell. 

Figure 6 summarizes how this can be accomplished by increasing the “riskiness” of the CR-ATM 

protocol. The figure shows results from three sets of simulations with different CR-ATM 

conditions, corresponding to safe (Tmax,lim = 45°C, Ilim = 4C-rate, ηPP = 30mV), moderate (Tmax,lim 

= 55°C, Ilim = 6C-rate, ηPP = 10mV), and aggressive (Tmax,lim = 60°C, Ilim = 12C-rate, ηPP = 0mV) 

degradation protection limits. Cell costs were determined using the predicted thicknesses and the 

BatPaC v4.0 software available from Argonne National Laboratory.31 See SI section “Battery Cost 

and Energy Density Modeling” for more detail. For all cases, increasing the desired charge time 

increases the maximum allowable anode thickness (and cell loading), which decreases the cost. 

For a 15-minute charge time, the safe, moderate, and aggressive conditions result in 80-, 110-, and 

120-µm thick anodes (3.6, 4.9, and 5.4 mAh cm-2) and $94.5/kWh, $88.4/kWh, and $86.6/kWh 

cells, respectively.

Note that the model predicts more aggressive charge times can only be met by more relaxed 

operational limits. The safe, moderate, and aggressive conditions have minimum charge times of 

12, 8, and 4 minutes due to the restrictions on Ilim of 4C, 6C, and 12C, respectively. Also note that 

the cell cost can rise considerably as the charging limit is approached due to decreases in the 

electrode thickness. For instance, as the charge time for the moderate conditions decreases from 
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10 to 9 to 8 minutes, the maximum anode thickness decreases from 80 to 70.8 to 59.8 µm (3.6 to 

3.2 to 2.7 mAh cm-2) and the cell costs increase from $94.2/kWh to $96.8/kWh to $102.8/kWh, 

respectively. This corresponds to a ~9% increase in cost for a two-minute faster charge time.

The results in this study provide useful values for protocol benchmarking, and techno-

economic projections. They also provide guidance on the operating conditions a cell must 

withstand to achieve a desired cost and charging time. For instance, assuming a goal of $100/kWh 

for the cell, the simulations show that charging times of 12.8, 8.6, and 6.2 minutes are possible 

under the safe, moderate, and aggressive CR-ATM protocols, respectively. The rates of 

degradation associated with these levels of risk are highly dependent on the design decisions made 

by the cell manufacturer (e.g., electrolyte additives, particle sizes, electrode coatings, and material 

dopants). Determining the rates of degradation at each level of risk for unique cell designs is 

outside the scope of this work. In addition, quantifying the “acceptable” rate of degradation, which 

informs the charging protocol limits, is left for designers to decide on a case-by-case basis 

depending on their specific cells, consumer-needs (i.e., tradeoff between life and charge time), and 

pack-design. As more degradation data, which can be tracked with in-situ, measurable, properties 

(e.g., current, voltage, and temperature), becomes available, the model reported herein can be 

extended with improved accuracy to aid in these design decisions.

The detailed results of this study are limited to cells with the NMC532/Graphite couple. 

However, the main conclusions and general trends are expected to apply to next-generation, high-

energy, low-cobalt cathodes like NMC811, which are already being implemented in electric 

vehicles. The conclusions should hold because of similar thermal and electrochemical properties 

within the layered-oxide family of materials and the fact that lithium plating on the graphite anode 

is a major factor in determining the charging time. Note that replacing the NMC532 with NMC811 
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may yield a lower $/kWh at a given loading by 5-15% in Figure 6 due to the higher energy density 

of NMC811, although the relative prices of the two materials would be a factor. In addition, if 

attempting to implement a similar protocol, the charging design limits (Tmax,lim, ηPP, and Ilim) should 

be adjusted based on differences in the cells’ “acceptable” degradation at a given temperature, 

current, and voltage window. This is not unique to NMC811, and the protocol limits should be 

revisited even for different formulations of NMC532, as discussed in the preceding paragraph.

It is important to note that the results herein correspond to practical limits for fast charging 

since this work assumes feedback control based on accurate, real-time measurement of the internal, 

local, states of the cell such as η and Tmax. While this work focuses on the best-case scenario for 

charging, it is important to note that practical implementation of similar protocols may be feasible. 

For instance, recent studies demonstrate preliminary in-situ cell sensors that could control the 

charging based on internal measurements.27,42 Reduced-order thermal and electrochemical models 

in the battery management system (BMS) are another possibility for implementation. These 

models could control the charging based on estimations of the critical internal variables (i.e., Tmax, 

ηPP, and local C-rate ) from typical BMS readings such as current, voltage, and battery skin and 

ambient temperatures.43–45 The protocol design should consider the model estimation errors, and 

more accurate models supported by experimental measurements will enable a tighter protocol 

design. As the battery ages, the models would need to be updated to reflect the degradation 

mechanisms, which would require an additional diagnostic model that incorporates BMS readings 

over the battery lifetime.
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Figure 6. Impact of charging time on anode thickness/loading and cell cost.

Maximum achievable anode thickness/loading and corresponding cell cost as a function of 

charging time using the CR-ATM protocol. Safe charging conditions correspond to Tmax,lim = 45°C, 

Ilim = 4C-rate, ηPP = 30 mV; moderate charging corresponds to Tmax,lim = 55°C, Ilim = 6C-rate, ηPP = 

10 mV; and aggressive charging corresponds to Tmax,lim = 60°C, Ilim = 12C-rate, ηPP = 0 mV. 

Charging time determined from 15% to 95% SOC.

Conclusions

 This work examined the charging speed limit of Li-ion batteries, by introducing a constant 

risk charging protocol that maximizes the charging current while maintaining the cell within pre-

defined risk of degradation (i.e., maximum allowable temperature to prevent electrolyte 

degradation, maximum C-rate to prevent particle cracking, and minimum anode potential to 

prevent lithium plating). When it is paired with an active thermal management (open-loop on/off 
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control) the constant risk charging protocol provides quicker charging than adiabatic or constant 

cooling conditions, by quickly escaping the thermal protection mode but still taking advantage of 

facile transport properties at elevated temperatures (Fig. 2). For a typical NMC/graphite cell with 

an 80-µm thick anode and a $90/kWh cell cost, the constant-risk protocol with active thermal 

management delivers 15-95% charging within 10 minutes (Fig. 4).

This study also elucidated the tradeoff between fast charging time and allowable risks in 

the protocol design (Fig. 5). For instance, increasing the maximum allowable temperature from 40 

to 60 °C can decrease the charging time by up to 50%. Likewise, decreasing the allowable anode 

potential from 50 to 10 mV can decrease the charging time by up to 35%. Finally, increasing the 

allowable C-rate from 4C to 12C can decrease the charging time by 67%, but only for thin (<40 

µm) anodes where the influence of the other design limits is reduced. These tradeoffs were 

translated into cell cost curves with respect to the required charging time. More aggressive design 

limits make it possible to charge thicker electrodes faster, which reduces the cell cost for a given 

charging target (Fig. 6). For instance, a 12-minute charge time can be achieved for anode 

thicknesses of 80, 110, and 120 µm, and costs of $94.5/kWh, $88.4/kWh and $86.6/kWh, at 

relatively safe, moderate, and aggressive protocol designs, respectively. This corresponds to 

reducing the cell costs from $94.5/kWh to $88.4/kWh to $86.6/kWh.
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