Applied Energy 291 (2021) 116473

ELSEVIER

Contents lists available at ScienceDirect
Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Applied

Check for

Experimental analysis and analytical modeling of Enhanced-Ragone plot | e

Edoardo Catenaro ?, Denise M. Rizzo ", Simona Onori ®

2 Department of Energy Resource Engineering, Stanford University, 367 Panama St, Stanford, CA 94305, United States
bys. Army CCDC Ground Vehicle Systems Center, 6501 E. 11 Mile Road, Warren, MI 48397, United States

HIGHLIGHTS

e Lithium-ion batteries (NCA, NMC and LFP) galvanostatic discharge experiments.

o Battery characterization C-rate: C/20 - 15C and Temperature: 5-45 °C.
o Testing over multiple samples for statistical significance analysis.
o Enhanced-Ragone plot design and experimentally derived spider plot.

o Modeling and experimental validation for specific energy vs specific power relation.

ARTICLE INFO ABSTRACT

Keywords:

Lithium-ion battery

Enhanced-Ragone plot

Analytical power-energy relationship
Battery galvanostatic tests

Statistical characterization of battery data

In this study, we propose an experimentally validated Enhanced-Ragone plot (ERp) that displays key charac-
teristics of lithium-ion batteries (LIBs) in terms of their cathode composition and operating conditions, and can
be employed as a design tool to guide energy storage system (ESS) selection for applications ranging from
electrified vehicles to stationary grid storage. We build the ERp using experiments - under different C-rate and
operating temperature - from cylindrical graphite anode LIBs of the type 1865 nickel-cobalt-aluminum-oxide,

2170 nickel-manganese-cobalt-oxide and 2665 iron-phosphate. Moreover, for each LIB tested, six cell samples
are used to assess the statistical significance and repeatability of the data collected. A zero-th order equivalent
circuit-based modeling approach is then proposed and experimentally validated to predict the specific energy
and specific power on the ERp. Finally, the proposed ERp framework is showed on a case study of battery sizing

in electric vehicle applications.

1. Introduction

Due to their higher specific energy and energy density and contin-
uously reducing cost, lithium-ion batteries (LIBs) have shown to be a key
technology to transitioning away from fossil fuel, by enabling high
market penetration of hybrid-electric vehicles (HEVs) and electric ve-
hicles (EVs) [1]. Over the last decade, LIB have reduced their cost from
$1160/kWh in 2010 to $176 kWh in 2018 [2] while enhancing their
performance [3] resulting in a continuously appealing technology for a
wide range of applications, from road-transport to stationary grid-
storage.

However, one of the main drawbacks of this technology is that they
suffer from aging, both calendar and cycle, which hinders long term
operation and performance [4].

On the other hand, supercapacitors (SCs) are energy storage systems

* Corresponding author.

(ESSs) that can provide up to millions of cycles to the targeted appli-
cation without losing performance along the way. This, combined with
high specific power and low internal resistance, makes them an
appealing storage device for transport electrification and stationary grid
storage application, such as frequency regulation service. Nonetheless,
the low volumetric energy and the high cost of raw materials [5] still
make SCs a not-market-ready solution at large.

The road-transport sector has exploited the potential of SCs for high-
specific power vehicle maneuvers (such as start-stop, strong accelera-
tions, kinetic energy recovery, among others). Literature works have
proposed hybrid ESS (HESS) architectures in which the battery pack is
connected in parallel with SCs thus lowering the peak power absorption
and dissipation from the battery, hence mitigating battery degradation
and improving the overall powertrain efficiency [6]. In [7], an inte-
grated design and control optimization framework is applied to a series
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Fig. 1. Military vehicles by gross weight. From the left (lighter) to the right
(heavier): packbot small-class robotics [10], tactical unmanned ground vehicle
(TUGV) [11], all-purpose remote transport system (ARTS) [12], high mobility
multipurpose wheeled vehicle (HMMWYV) [13], mine-resistant ambush pro-
tected all-terrain vehicle (M-ATV) [14], family medium tactical vehicle (FMTV)
[15], heavy expanded mobility tactical truck (HEMTT) [16] and line haul
tractor M9315A5 [17].
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Fig. 2. Ragone plot displaying capacitors, SCs and LIBs. Diagonal lines corre-

spond to the time required to extract/store energy from/to the device. Data are
from [19].

hybrid electric military truck with an internal combustion engine (ICE)
and HESS.

Automakers rely on a “one-solution-fits-all” approach for the selec-
tion of ESS, which is typically a LIB with graphite anode and lithium-
nickel-manganese-cobalt-oxide (NMC) cathode for electric vehicles.
Given the restricted variation in load requirements and operating con-
ditions of the vehicle fleet, this results in the most suitable approach
from an engineering and economic standpoint. On the contrary, if the
application at hand is characterized by a vast range of targeted perfor-
mances, then the selection of the most appropriate ESS is to be addressed
case-by-case.

A typical example of such a case is the electrification of military
vehicles (MVs). Unlike passenger vehicles, the variation in load re-
quirements, mission objectives and operating conditions experienced by
MVs makes the energy storage selection task particularly challenging
[8]. US Army vehicles span from 11.2 kg packbot to 50-10° kg tactical
trucks. Fig. 1 shows the ground military fleet by gross weight. While a
fuel cell/battery system might be chosen to power packbots, for large
tanks instead a powertrain containing an ICE and a HESS (LIB plus SC)
could be more suitable. Moreover, load requirements as well as
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Table 1
Comparison of typical LIBs and SCs performance [5] at ambient operating
temperature. The cycle life evaluation for a device considers one charge per day.

LIBs SCs
Specific energy [Wh/kg] 100-265 4-10
Volumetric energy [Wh/L] 220-400 4-14
Specific power [kW/kg] 4 3-40
Cycle life [years] 5-10 10-15
Efficiency [%] 75-90 98
Self-discharge [%/month] 2 40-50
Cost [$/kWh] 200-1000 10000

operating conditions (e.g., ground unevenness, working temperature)
are mission-dependent. This in turn determines the stress, in terms of C-
rate of operation and increase of temperature during operation, expe-
rienced by the ESS. For instance, a tactical truck used for cargo or
moving heavy equipment will experience a largely different load than a
tactical truck used for silent watch mission.

Energy storage systems used for grid-storage applications also
experience a quite diverse range of usage, in terms of charge-discharge
characteristics, temperature and power vs energy requirements [9].

The ability to match targeted load requirements and vehicle char-
acteristics with the most appropriate ESS candidate calls for a tool where
ESS performance can be exhibited and compared according to some
relevant characteristics. Such a tool is presented in this paper.

The Ragone plot (Rp), named after David V. Ragone [18], has been
the most convenient way to capture and compare energy storage tech-
nologies in terms of their specific power [W/kg] and specific energy
[Wh/kgl, as shown in Fig. 2 where logarithmic scales are used to
comprise a large range of ESS categories. The specific energy and spe-
cific power extracted by a given ESS are obtained by fully discharging
the device from a fully charged condition.! The extracted energy and
power depend on many factors, such as chemical composition, ambient
temperature, discharge rate, aging, etc. It is common practice to identify
on the Rp families of ESSs, as shown by the colored area in Fig. 2, the
boundaries of which are determined by physical constraints of the
storage device.

The time taken by the device to discharge, or characteristic time, is
proportional to the energy-to-power ratio of the ESS (in the log-log plane
the time corresponds to straight diagonal lines). High power can only be
delivered for short amount of time, whereas high energy is obtained by
devices that are characterized by a large energy-to-power ratio. Batteries
are typically useful for medium/long time applications (order of hours),
whereas SCs are more suitable for short time applications (order of
seconds/minutes).

Unlike common capacitors, SCs (also referred to as electrochemical
capacitors or ultracapacitors), do not use solid dielectric to separate the
electrical conductors, but rather, they adopt electrostatic double-layer
capacitance and electrochemical pseudocapacitance to store electric
energy [20]. With that, higher specific energy (up to roughly 10 Wh/kg)
is attained still maintaining high-power performance (40 kW/kg, under
nominal conditions). SCs provide complementary characteristics to LIBs
as they can satisfy higher peaks of power demand and guarantee a longer
cycle life (typically in the order of millions of cycles [21]) and high ef-
ficiency (around 98%). Moreover, SCs are less susceptible to degrada-
tion at low and high temperatures [22]. On the downside, they have
lower specific and volumetric energy (below 10 Wh/kg and 14 Wh/L,
respectively), suffer of rapid self-discharge (up to 50 %/month) and
their cost per kWh is around ten times the ones of LIBs [5]. The com-
plementary performance of LIBs and SCs, summarized in Table 1, can
provide an opportunity to design hybrid energy storage solutions to

! The Rp can also be populated with specific energy and specific power
evaluated when the considered ESS is charged from fully discharged to fully
charged condition.
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combine the pros of both devices while mitigating the cons of each of
them taken singularly.

In [23], the variation of electrochemical characteristics of a LiCoO,
battery,” with respect to cell shape design, cylindrical or prismatic, were
experimentally inspected and represented on the Rp. In [24],
LiNiCoAlO;/graphite and LiNiMnCoO, (one sample each) were tested at
three different discharge rates (1C, 3C and 5C) and at various reference
temperatures (—20 °C, 0 °C,—25 °C and 55 °C) and results mapped on
Rp. In [25] a larger range of discharge rates (C/5,C/2,1C,2C,5C and
10C) and reference temperatures (—20 °C, 0 °C, —25 °C and 55 °C) were
tested on one sample of LiCoObattery. In [26], the following discharge
experiments (i) C/10,1C,3C and 4.6C at 25 °C and —10 °C; (ii) mod-
erate discharge rate of 1C at different reference temperatures
(—20°C,—-10°C,0°C,25 °C and 45 °C) were performed over a single
NMC cell sample.

Rp has been employed as a selection tool to determine suitable ESSs
for a given application. In [27], an optimization algorithm is outlined to
determine whether a nickel-metal-hybrid battery or a SC or their com-
bination are most suitable for a HEV. In [28], a similar methodology is
used to choose between lead-acid battery and SC and find a suitable size
of the two devices from the Rp. Rp has also been used to select ESSs in a
wind power farm [29]. In all these works, though, the Rp does not carry
information about the ESSs performance under different C-rate, tem-
perature and across different LIBs.

In this paper, three LIBs are investigated: lithium-nickel-cobalt-
aluminum-oxide (NCA), NMC and lithium-iron-phosphate (LFP). For
each LIB, six samples were tested starting from 100% state-of-charge
(SOC) and under controlled temperatures (5 °C,25 °C and 35 °C), and
galvanostatic discharge rates of:

e C/20,1C,2C,3C,5C for NCA and NMC batteries,
e C/20,1C,2C,3C,5C,10C,15C, 20C for LFP battery.

Along with specific power and energy calculations, battery cell ca-
pacity, surface temperature, discharge efficiency and the relative
discharge time are also calculated to thoroughly characterize the three
LIBs. For the three LIBs tested, the goal is to systematically define spe-
cific energy and specific power in terms of temperature and C-rate of
operation and across multiple samples.

We experimentally build the Enhanced-Ragone plot (ERp) with the
purpose of using it as a tool to select ESSs to match the requirements of a
targeted application by looking beyond just the specific energy and
specific power content of the storage device.

Moreover, we propose a model capable to replicate the power-energy
relationship found experimentally on the ERp.

Few literature works have addressed this topic. In [30], the proposed
power-energy relationship emphasized the ESSs losses: 1) ohmic polar-
ization losses and 2) kinetic polarization (Tafel) losses. Simulation re-
sults showed the impact of the losses parameters variation on the
energy/power performance (represented on the Rp). Similarly, in [31],
authors attempted to define a quantitative method to model a large set of
ESSs (battery, capacitors, flywheel, etc.). For instance, batteries were
modeled as an electric circuit involving a capacitor, an internal series
resistance and a leakage resistance. Based on such a model the power-
energy relationship is analytically computed allowing a sensitivity
study on the Rp. In [32], authors proposed a battery model composed of
an open-circuit potential (analytically expressed as a function of the
battery SOC) and an internal resistance. The capacity is expressed as
function of the discharge current through the Peukert’s law. The whole
set of model parameters are taken from manufacturer data. In particular,
potential and capacity related parameters are inferred from the voltage
versus time discharge behavior of the battery. As also stated by the

2 We refer to LIB by only specifying their cathode chemical composition, with
the underlying assumption that graphite is used at the anode.
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Fig. 3. Experimental test setup at the Stanford Energy Control Laboratory. The
top figure shows a battery fixture (3) holding an NCA cell (1) with a T-type
thermocouple sensor positioned on it (2) positioned in the thermal chamber and
connected to the Arbin cycler.

authors, the determination of this process might be subjective and
inexact. In [33], a first order dynamical model was proposed to capture
the specific energy versus specific power of Hitachi LIB used for HEV
applications, where the open-circuit voltage was taken as a constant
value representing the average value of the whole curve.

The aforementioned works lacks experimental validation. In this
paper, the analytical power-to-energy relationship based on an equiva-
lent circuit model of the battery, is experimentally validated on the ERp.
The applicability of the proposed ERp modeling approach is verified in a
case study dealing with the sizing of battery pack in an EV.

The main contributions of this paper are summarized as follows:

e Comprehensive characterization of three LIBs. Battery cell capacity,
surface temperature, discharge efficiency and discharge time are
analyzed according to different discharge rates and operating tem-
peratures for multiple battery samples. Energy and power perfor-
mance are mapped on the ERp.

e Experimentally derived spider plot showing the comparison of the

three LIBs tested in this work based on the five performance metrics.

Analytical model and its experimental validation of a LIB power-

energy relationship based on zero-th order equivalent circuit

model and a single experiment for parameter identification. The
modeling approach is tested on a real case study aiming at the bat-
tery selection and sizing in EV application.

The paper is organized as follows. Section 2 describes the design of
experiments and the experimental testing campaign. In Section 3, the
experimental data is processed and quantities of interest, such as specific
power and specific energy, are used to build the ERp. In Section 4 the
analytical power-to-energy relationship is derived and experimentally
validated on the ERp, and used in a real world application. Finally,
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Table 2

Technical specifications of the Arbin battery test system, thermal chamber and
Arbin thermal measurement system.

Laboratory equipment

Manufacturer technical specifications

Arbin battery test system

Thermal chamber

Arbin thermal
measurement system

Manufacturer
Model

Number of channels
Voltage range [V]
Current ranges [A]

Maximum continuous
output power [W]
Measurement resolution
Simulation control

Auxiliaries

AC Power input

Manufacturer

Model

Interior volume [m®]
Temperature range [°C]
Temperature accuracy [°C]
Temperature uniformity
[°C]

Power input

Manufacturer
Model
Voltage [V]

Maximum current

Maximum power [VA]
Phase

Arbin Instruments
LBT21024

6

0-5

+0.5,+5, 450 and +
250

1250

24-bit
Current/Power
simulation
Temperature
measurement
{3-Phase 50/60 Hz
208 VAC

Input power: 17400
VA

Amerex Instrument
IncuMax IC-500R
0.5

—5to 55
+0.1
+1 at 37

1-Phase 50/60 Hz 120
VAC

Amerex Instrument
LBT21024

90 —264

220V,1.6 A/110V,
32A

350

1

Section 5 gathers the conclusions of this study.

2. Experimental setup

Experiments were carried out at the Stanford Energy Control Labo-

Table 3
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ratory, Energy Resources Engineering Department, Stanford University.
The experimental setup, showed in Fig. 3, is composed of the Arbin
LBT21024 with a programmable power supply, the IncuMax IC-500R
thermal chamber for temperature controlled experiments, Ty, the
Arbin thermal measurement system used to measure cell surface tem-
perature data from thermocouples placed on the cell; a MITS Pro and
Data Watcher software to program test profiles and monitor real-time

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5 STEP 6
RESTING CC PHASE &V PHASE RESTING DISCHARGE| RESTING
2r 1, charge h
1Lk 4
Z 0 Imin —-==
AF .
2+ 4
3+ .
1C
-4 I I L
0 1 2 3 4 5 6
(a)
4.5 T
V... ‘/aharge

4 |- -
=35f 1
> |
3 E -
251 Veuto ff

0 1 2 3 4 5 6

time [h]

(b)

Fig. 4. (a) Current and (b) voltage profiles during the galvanostatic discharge
test for NCA battery cell tested at 1C and 25 °C. Each step of the test protocol is
highlighted and separated by a gray vertical line.

Manufacturer specifications for the NCA [34], NMC [35] and LFP [36] cylindrical battery cells used in this work.

Cathode chemistry composition
Anode chemistry composition

Manufacturer

Manufacturer model

Size (diameter x length) [mm x mm

Welght Mnom,cell [g]

Nominal voltage Vi,om [V]
Nominal capacity Qnom [Ah]
Charging voltage Venarge [V]
Charging current Icparge [Al
Cut-off voltage Veyioryr [V]
Charging cut-off voltage Viaz [V]

Max. constant discharge current Igis maz [A]

o e

NCA

graphite
Panasonic

18.5 x 65.3
475

3.6

3.35

4.2

1.625

2.5

4.2

6.7 (2C)

LiNiCoAlO,

NCR-18650B

NMC
LiNiMnCoO,
graphite

LG Chem
INR21700-M50
21.1 x 70.15
68

3.63

4.85

4.2

1.455

2.5

4.2

7.275 (1.5C)

LFP

LiFePO4
graphite
A123 Systems
ANR26650m1-B
26 x 65

76

3.3

2.5

3.6

2.5

2

3.6

50 (20C)
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Fig. 5. Discharge procedure flowchart. For every step - represented as a rect-
angular gray box - the controlled variable is indicated along with its assigned
value. The transition from one step to the next takes place when the condition
on one of the three measured signal is satisfied. x indicates the value of the
applied C-rate, which varies with the experiment.

STEP 6

data. Technical specifications of the Arbin LBT21024, the IncuMax IC-
500R and the Arbin thermal measurement system are reported in
Table 2. The following signals are measured: cell current, I, cell voltage,
V, and cell surface temperature, T;. The latter is measured with a type-T
thermocouple sensor, manufactured by Omega, and transmitted through
the Arbin auxiliary channel to the thermal measurement system.

In this work, we investigate three different LIBs whose manufacturer
specifications are listed in Table 3. Moreover, for each LIB, six samples
are available for testing. In what follows, we refer to the specific LIB by
the variable b,b = {NCA, NMC, LFP}, and the given sample by the index
kk ={1,...,6}.

For the purpose of building the ERp, constant discharge experiments
are conducted. Fig. 4 shows a typical current and voltage profile from
the current discharge test preceded by the constant current - constant
voltage (CC-CV) phase implemented to bring the battery at 100% SOC
while the temperature was being kept at T, = 25 °C.

The experimental testing procedure is described in the flowchart of
Fig. 5. In Step 1, one hour rest time period (I = 0) is enforced to bring
the cell at the desired temperature® Ty = Tym. In Step 2 and 3, the
standard charging protocol CC-CV is applied. During the CC phase the
cell is subjected to the constant current Icpgrg, specified by the manu-
facturer, until the voltage reaches the charging cut-off value Vp,, (as
listed in Table 3). In the CV phase the cell is kept at constant voltage
Vcharge.4 One hour rest time is enforced in Step 4 at the end of which the
cell is fully charged and thermally stable. In Step 5, a given discharge
current value, specified in terms of C-rate, x, is commanded until the
voltage reaches the discharge cut-off value Vi, (reported in Table 3).
In case the cell surface temperature hits the thermal limit of 75 °C the
discharge phase is immediately ended. The set of C-rates used is LIB-

3 The time to synchronize the tested battery cell temperature with the target
temperature results to be always less than one hour, however the one hour rest
time guarantees experimental reliability.

4 For NCA and NMC batteries, the CV phase ends as soon as the current be-
comes lower than a fixed current cut-off value I;;; of 65 mA and 50 mA,
respectively. LFP technical specifications recommend to end the CV phase after
60 min.
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Table 4
Values of applied C-rates, x, for each LIB chemistry.
Variable Description Battery Values
X C-rate NCA C/20,1C,2C,3C,5C
NMC C/20,1C,2C,3C,5C
LFP C/20,1C,2C,3C,5C,10C,15C, 20C

I N
o 05 1 15 2 25 3 35
Discharge Capacity [Ah]

(a)

C/20
—1C

& 40

30

20 . . . . . .
0 0.5 1 1.5 2 25 3 3.5

Discharge Capacity [Ah] .
(b)

Fig. 6. Voltage to discharge capacity behavior for six NCA cell samples at
ambient temperature T,y = 25 °C and for different discharge rates: C/20,1C,
2C,3C and 5C. The value of QY corresponds to the manufacturer nominal
capacity of NCA battery which is obtained under C/20 discharge at 25 °C.

dependent (summarized in Table 4). For each LIB the following tem-
peratures are tested, namely 5 °C, 25 °C and 35 °C at the various C-rate.
Finally, one hour resting time is allowed in Step 6 to thermally stabilize
the cell after the discharge phase. Step 1 to 6 are repeated for each
experiment.

Fig. 6 shows the voltage (a) and surface temperature (b) to discharge
capacity for the six NCA cells tested at a controlled temperature Ty, =
25 °C. NMC and LFP batteries exhibit similar behaviors. The discharge
capacity of a given battery b and cell sample k, QP*, is obtained by time
integration of the measured cell current, 1>,

bk

ok — /f X, o)
0

where th'k is the final discharge time of battery b and cell sample k. The

mean capacity value, g, from the cell samples, Q°, is given by:

6 bk

1 0™

o = P (; _ ”[QbAk}. )

Fig. 7a shows the mean capacity for the three chemistry under study

as a function of C-rate for different testing temperatures. Also, on the

same plot the nominal capacity value (as provided by the manufacturer,
see Table 3) is reported.

As one can see, the mean capacity value obtained at C/20 and Ty, =
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Fig. 7. (a) Capacity Q, computed from Eq. 2, (b maximum cell surface temperature increment AT, from Eq. 4, (c discharge efficiency Npies from Eq. 5, and (d) relative
discharge time r, from Eq. 9, for NMC, NCA and LFP batteries, as a function of C-rate and ambient temperature. Figure (b) shows data only for 25 °C. In the figure,
each AT point is associated to a vertical bar whose upper and lower limits are the minimum and maximum cell surface temperature increment across the six

cell samples.

Table 5

Maximum cell surface temperature increment [°C], computed with Eq. 4. Red values are related to conditions where the thermal limit of 75 °C was reached.

Cell surface Reference Discharge rates
temperature increment  temperature C/20 1C 2C 3C 5C 10C 15C  20C
5°C 0.84 13.80 29.12 22.79 5.19
ATNCA [°(] Tomp = $25°C 0.03 9.49 21.61 30.73 12.01
35°C 0 8.21  20.41 27.86 5.43
5°C 1.72  17.30 22.27 31.51 35.07
ATNMC o) Tomp = $25°C 0.10 840 22.13 36.73 50.25
35°C 0.01 974 16.95 29.51 39.97
5°C 2.40 6.72 12.17 16.98 15.97 22.06 19.61 18.44
ATLEEE o0 Tomp = $25°C 0 3.27 662 980 11 18.29 24.75 31.91
35°C 0 210 504 774 756 14.77 2094 26.20

25 °C is consistent with the manufacturer nominal capacity.”

The constant discharge current applied to the cell makes their surface
cell temperature increase throughout the duration of the experiment.
We define cell surface temperature increment, AT?*, as the maximum
value of the difference between the cell surface temperature, T>*(t) (for
battery b and cell sample k), and the ambient temperature, T, across

5 The considered operating conditions - G/20 discharge rate and T, = 25 °C
- satisfy manufacturer nominal conditions for NCA and NMC chemistry. On the
other hand, LFP nominal working conditions, given by manufacturer, corre-
spond to a C-rate of C/2 and Tgmp = 25 °C. Nevertheless, under these nominal
conditions the LFP measured capacity is consistent with the nominal capacity
provided by the manufacturer.

the overall galvanostatic discharge window. Since the surface temper-
ature increases monotonically, then the maximum value of such an
increment is obtained at t = t, hence

AT =T (1) — Topmp.- 3)
For each battery chemistry, the average value of the cell surface tem-
perature increment is given by:

AT = u[AT]. C))
As the discharge rate increases the cell generates more heat. Power

losses caused by Joule heating are given by IR, where R corresponds to
the cell internal resistance [24]. In this paper, we define thermal
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robustness the ability of the battery to limit its internal heat generation.

Fig. 7b depicts the cell surface temperature increment, AT, experi-
enced by the three chemistry under different C-rates and controlled
operating temperature of 25 °C (other temperatures exhibit similar be-
haviors which are summarized in Table 5). Each point in the figure is
plotted together with its upper and lower temperature values experi-
enced across the six cell sample. One can notice how, in some cases, the
temperature spread across the same batch can result in a quite signifi-
cant temperature difference. It is worth remarking that as the cells are
connected in series and/or parallel in a battery module or pack, such a
spread can be a source of a significant temperature gradient within the
pack, leading to heterogeneous pack aging [37].

LFP cells have higher thermal robustness across all C-rates, as
opposed to NCA and NMC, which on the other hand are subject to in-
crease internal heat loss linearly with C-rate. This is due to a greater
internal resistance owned by NCA and NMC batteries. In facts, param-
eter identification conducted in Section 4 shows a value of the LFP in-
ternal resistance around three times smaller than NMC and five times
smaller than NCA battery, respectively. NCA cells show an unusual
temperature behavior when tested at 5C discharge rate.® In fact, when
tested at such high C-rate the time of discharge, experimentally
observed, is shorter than the theoretically calculated discharge time.
Such an inconsistency takes place when the discharge rate reaches or
exceeds the manufacturer recommendations,” like in this case.

The discharge efficiency of battery b, undergoing to a discharge rate
x, controlled at temperature T, is computed as follows

W2 (x, Tamp)

b Tam _ s Lami : 5
’71)1( (X, b Wb(C/ZO, Tamb)' ( )
where the normalization term, W?(C/20, Ty is the energy released by
the battery b, at ambient temperature T, discharged at C/20 (corre-
sponding to the baseline released energy value), whereas W? is the mean
of the released energy computed across the k samples, WX, given as

W’ = u[W], (6)

where W, is calculated as follows

bk

3
Wwhk — / / e %)
0

The discharge efficiency defined in this paper is related to the Peukert-
like effect [38] where the discharge energy at a given C-rate is measured
against the discharge energy at C/20. As the rate of discharge increases,
the battery’s available energy decreases, according to the Peukert’s
effect.

The results obtained for the discharge efficiency are plotted in
Fig. 7c. Moreover, LFP cells show higher efficiency than NMC and NCA
for the same C-rate and across all the C-rate tested. This is due to the
their higher thermal robustness. Lastly, the lower the operating tem-
peratures, the more is the reduction of the discharge efficiency.

Next, we analyze the relative discharge time, which reveals an inter-
esting correlation with the thermal properties of each battery. The time
of discharge associated with the applied C-rate (e.g., 1 h for 1C, 30 min
for 2C and so forth) is a theoretical assumption.

The actual discharge time of the cell is found to be dependent on the
cell sample, the electrode chemical composition, and ambient

6 Differently from NCA cells, the cell surface temperature increment of NMC
cells maintains its trend hitting the thermal limit of 75 °C (triggering the stop of
the experiment).

7 The maximum constant discharge current is given by manufacturer speci-
fications and corresponds to 1.45C for NCA, 1.5C for NMC and 20C for LFP. The
proposed experimental tests exceed these limits to provide a more exhaustive
description of the cell dynamic behavior.
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temperature.

A relation between the theoretical and the actual time of discharge is
proposed. The theoretical discharge time, referred to as t2, only depends
on the applied C-rate, which, in turn, depends on the nominal capacity of
a given battery b. The actual discharge time for the battery b is taken as
the average across the six samples

(%, Tams) = p [ (x, Tars) ], ®)

where tP* corresponds to the actual discharge time of battery b and cell
sample k. The relative discharge time, r, is defined as the ratio between t
and £

P (x, Tm) _ 20 Tam) ©)

b
t)[

Fig. 7d shows the ratio r as a function of the applied discharge rate
and temperature, for each chemistry. It is shown that r takes up a value
close to 1 only at C/20, irrespective to the cell chemistry and tempera-
ture. Higher discharging rates emphasize the dependence of r on the C-
rate and temperature of operation. The reduction in discharge time of
NCA and NMC is due to the low thermal robustness of these two elec-
trode chemistry as compared to LFP. For instance, at 5C discharge rate
(corresponding to a theoretical discharge time of 12 min) at 25 °C, the
NCA and NMC are discharged in 1 min, 3.6 seconds, and 9 min, 22.2
seconds, respectively.® On the other hand, LFP cells are able to maintain,
for every applied C-rate and ambient temperatures greater than 25 °C,
an actual discharge time comparable to the theoretical one. Lower
temperatures contribute to further reduce the value of r across all C-
rates.

3. Enhanced-Ragone plot

In this section, the experimental design of the ERp is discussed. The
specific energy for the battery type b and cell sample k, undergoing to a
discharge rate x at a controlled at temperature T, is computed as
follows

b,k
wh (x, Tmb> = w 10)

nom,cell

where WP, is the released energy computed from Eq. 7 and M2, ..p is
the cell nominal mass of battery b (noted in Table 3). Hence the specific
energy for each battery b is taken by averaging the specific energy values

over the six samples as
W2 (X, Tums) = p[W"* (%, Tams) )] an

The specific power of battery b and cell sample k is computed as follows

: whk (x, To
PM (X, Tnmh) = #a (12)
e
where wP* is obtained from Eq. 10. The denominator of Eq. 12 corre-

sponds to the overall time of discharge. Finally, the specific power of
battery type b is

pb (x‘, Tamb) =H [Ph‘k (x7 Tumb))} . (13)

The obtained average values of specific energy w” and specific power
p? are a function of the applied discharge rate, x, and operating ambient
temperature, Tymp.

8 Under 5C discharge rate, the corresponding r value for NCA and NMC,
respectively, is similar across all tested temperatures. This is due to a remark-
ably short discharge time measured for NCA cells, whereas NMC cells ends their
discharge approximately at the same time.
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Fig. 8. ERp displaying the specific power versus specific energy performance of NCA, NMC and LFP cells at different ambient temperatures and discharge rates (listed

in Table 4).
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Fig. 9. Relative increment of specific power, py, versus the relative decrement of specific energy, wy,, under different discharge rate and at given temperature

of 25°C.

From the galvanostatic discharge experiments discussed in the pre-
vious section, w? and p? are being calculated in a logarithmic scale and
plotted in the ERp of Fig. 8.

The LIBs performance in the ERp shows the typical hooked-shape
behavior where the increase of the delivered power is possible at the
cost of a reduction in the retained energy. The specific energy stored in
NCA and NMC cells is approximately as twice as much the one in the LFP
(for discharge rates below 2C). However, LFP can retain higher specific
power across much larger C-rate range of operation. In fact, LFP cells can
support high C-rate (up to 20C) without disrupt the cell regular
behavior. Differently, NCA and NMC can only operate over a limited C-
rate range to prevent high Joule losses and rapid drop in voltage
response, resulting in reduced specific power capability.

The three electrochemical cells under study show a similar trend to
the variation of ambient temperature. Both achievable specific power
and specific energy are reduced at low temperature conditions (espe-
cially for higher C-rates).

From the ERp, one can also calculate the relative increment/decre-
ment of specific energy and specific power upon an increase of C-rate.

For a given C-rate, x, temperature, Ty, and according to the battery
type b, we define the relative percent variation of specific energy, wi,,
and specific power, pﬁ%, with respect to the baseline case (corresponding
to C/20) as

b Tumz —w 2 -Tam
(T ) = [ Ta) =W (CJ20, Tura)] a4
; Wb(x7 Tamb)
b (x, T, —p(C/20,T,
Pﬁ}ﬂ <x, Tamb) _ {P (%, amb)b p’(€/20, nmh):|_100. (15)
p (x7 Tamb)

As the operating C-rate increases from the baseline of C/20, thre
three electrochemical cells show an increment of specific power and
decrement of specific energy. Yet, such variations are strongly depen-
dent on the electrode chemical composition and skewed towards a more
pronounced decreased in energy than increase of power. For example,
for a discharge rate of 5C, the increment in specific power is around
+8-10%% for the three cells, whereas the decrement of specific energy is
more pronounced for NCA, —93%, and NMC, —65%, and quite limited
for LFP, —12%. (Fig. 9)
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Fig. 11. Spider plot showing the normalized performance of NCA, NMC and
LFP in terms of specific energy, specific power, discharge efficiency, thermal
robustness and relative discharge time.

Along with LIBs, performance of SCs are also addressed. In partic-
ular, in this study, the BCAP0350 SC [39] is analyzed and compared
against LIBs using the SC manufacturer data. SCs are known for their
specific power superiority compared to LIBs. Inversely, batteries are able
to store a greater amount of energy per unit mass, that can be delivered
over a longer time interval. This difference is highlighted in Fig. 10
where the two classes of devices show complimentary characteristics. If
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Fig. 12. Zero-th electric circuit model.

a fast power release capability is requested along with high specific
energy, then the integration of these two technologies in the form of
HESS architecture could provide a valuable solution. An example of such
an application is discussed in [40], where the SCs are employed for the
start-up maneuver of the vehicle while the battery guarantees a satis-
fying energy tank.

Finally, to summarize the LIB features analyzed thus far, the spider
plot shown in Fig. 11 is proposed where specific energy, specific power,
discharge efficiency, relative discharge time and thermal robustness’ are
shown. The specific energy and specific power are taken from their
respective maximum values across the tested C-rates, while the
discharge efficiency, thermal robustness and relative discharge time are
evaluated based on the average across the tested C-rates. Each metric is
normalized with respect to its corresponding “best case” and scaled from
0 to 1 (where 1 corresponds to the “best case™). Fig. 11 shows that NCA
and NMC have similar performance (only thermal robustness is slightly
different), whereas LFP cells do better than NMC and NCA on all metrics
except specific energy.

4. ERp modeling

In this section, we propose a modeling approach to replicate the
battery performance on the ERp. To this aim, we define the battery
power-to-energy relationship employing the zero-th electric circuit
model showed in Fig. 12. The circuit includes a voltage source V,,,, that
is the open-circuit voltage of the cell, and a series resistor R, representing
the cell internal losses. The variables V and I are the cell voltage and
current, where positive current indicates discharge and negative current
charge.

The objective is to express the power delivered by the battery cell as a
function of the stored energy. This task is split in a three-steps procedure
described below.

Step 1: Energy-current relationship

The energy stored in the cell, W, is expressed as follows

W =0V =0V —IR), (16)

where Q is the cell nominal capacity. Parameters Q,R and V,. are
assumed to be constant values, not depending on time and the applied
discharge current I is constant. Based on these assumptions, Eq. 16 ex-
presses a static relationship between the amount of stored energy in the
battery and the discharge current.

Eq. 16 can be rewritten as

-1 /W
1= R (5 - Vocv) . a7)

Step 2: Energy-power relationship
The power delivered to the load, P, is expressed as follows

9 This metric provides an evaluation of the battery thermal robustness based
on experimental data from cell surface temperature measurements. Good
thermal robustness corresponds to lower values of cell surface temperature
increment (Eq. 4).
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Table 6
Model parameters and corresponding tests to be performed to identify the
power-to-energy analytical relationship defined in Eq. 22.

Parameter Assignment criteria
R Current train-pulse discharge test
Voer Current train-pulse discharge test
Q Nominal capacity (manufacturer specifications)
Mo Nominal cell mass (manufacturer specifications)
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Fig. 13. Current pulse-train discharge profile and corresponding voltage
response (a) of NCA cell at an ambient temperature of 25 °C. The profiles
framed by the dashed-blue rectangle are zoomed in (b), where two consecutive
current pulses and their voltage response are shown, and the corresponding
SOC behavior is depicted (c).

P=1V =1 —IR) =1V,, —I’R. 18)

The term IV,,, is the electrochemical power of the cell, and I?R the
internal power losses. Substituting Eq. 17 into 18, we obtain the power-
energy relationship

o Vocv 1
" RQ RQ?
The derivation of Eq. 19 is in Appendix A.

W2, 19)

10
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Step 3: Specific energy-specific power relationship

For the power-energy relationship of Eq. 19 to be plotted in the ERp
all variables must be expressed per unit mass. The specific energy, w, and
the specific power, p, of the battery cell are defined as

W =w-M., (20)
P=pM.. 21)
Substituting Eq. 20 and 21 into 19 leads to
Voc\' Mz‘cll 2
=y w2, 22
P=Ro™ rRO™ 22)

Eq. 22 describes the static power-energy relationship of a generic LIB
battery undergoing a constant current discharge behavior. The specific
power depends on the specific energy through a quadratic expression.
The parameters involved are R, V,,, Q and M,y which are being iden-
tified from experiments reported in Table 6.

4.1. Electric circuit parameters estimation

For a given battery, the parameters R and V,, to be used in Eq. 22 are
estimated by means of a current pulse-train discharge test from a fully
charged condition where the discharge pulses are at 1C and triggered
every 15 min. Each pulse has a duration of 150 s. As soon as the cell
voltage goes below the cut-off voltage Vg (value reported in Table 3)
the pulse discharge cycle is stopped.

Fig. 13a shows the current pulse-train profile and voltage response
for NCA battery at 25 °C. A zoom of the profile during the fourth and
fifth pulse is shown in Fig. 13b, and the corresponding SOC behavior is
reported in Fig. 13c. The SOC of each battery type b and cell sample k is
computed as follows

bk
b I bk
Qn()m _ f 0 I"di
e
Qm)m

The SOC reduction after each pulse is 4.25%.

The internal resistance R is calculated over the instantaneous voltage
drop occurring in correspondence of every current pulse. It is calculated
by taking the ratio between the voltage and the current difference across
the pulse front. The value of R is a function of the cell SOC. With
reference to Fig. 13c the value of internal resistance R computed for the
j-th current pulse is as follows

o) )

where Vi, and Vyoun; are the measured voltage before and after the
voltage drop at the current pulse j; Ly is the current pulse amplitude
and SOC; is the computed SOC value before the j-th pulse has occurred
(this means that SOCj—; = 100%, battery fully charged before the first
pulse) and N is the total number of current pulses.

After each discharge current pulse the cell voltage relaxes and rea-
ches a lower steady-state value. The open-circuit voltage is estimated as
the voltage measured after the relaxation dynamics caused by the cur-
rent pulse j, which corresponds to V.1,

SOCP* = (23)

Vup.j - Vdown,j

(24

1 pulse

Vi (SOC)) = Vi 1. (25)

For battery chemistry b and cell sample k, the estimated parameters are

noted as R*? and V2. The mean values of the estimated R*? and V&2

with respect to the SOC variation are used in Eq. 22,

R = u[R (SOCH)] 26)

k.b
Vocv

= p[vE

ocv

(soct)]. @7

The current pulse discharge experiment is performed for every
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Table 7
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~b
Identified values of model parameters used in the analytical power-energy A = ‘Wb (x) - (x) ‘ 100 (30)
relationship (Eq. 22) for the three LIBs. v b(x) ’
Model Variable NCA NMC LFP
parameters b |17 g (x ) -p ’ (x ) |
e|lx| = > -100. 31
R [Q] Rb 0.099 0.059 0.021 (x)
Voo [V] Ve, 3.742 3.746 3.277 The bar plots in Fig. 15 gathers the specific energy and power RPE
Q [Ah] & 3.35 4.85 2.5 values, for each chemistry across all the tested C-rate. When considering
M [g] My, 475 68 76 the average from the RPE values taken across all the C-rate of operation,
we obtain an average RPE of 4.88% for specific energy and 1.85% for the
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Fig. 14. Validation on the ERp plane of the analytical power-energy relationship for NCA, NMC and LFP batteries at different discharge rates and at 25 °C.
Experimental data points of each cell sample as well as their average for each C-rate are also shown.

sample and the resulting estimated parameters are computed as the
mean value from the batch of six cell samples in order to reduce the
intrinsic variability associated to cell manufacturing process

R = u[R7], @8

(29)

The set of parameters involved in the analytical power-energy rela-
tionship (Eq. 22) are listed in Table 7 for the three LIB tested.

The validation is conducted over data collected at 25 °C. The ERp
plane in Fig. 14 is populated with: 1) the set of experimental data points
obtained from each cell sample of the three LIBs tested under all
discharge rates (listed in Table 4) at an ambient temperature of 25 °C; 2)
the average points from the six cell samples across the tested discharge
rate at 25 °C; 3) the analytical power-energy relationship (Eq. 22) for
each LIB (solid lines).

The validation results are assessed through the relative percent error
(RPE) given as the difference between the experimental point and the
corresponding model predicted point (under the same conditions), on
the log-log specific energy specific power plane. For a given LIB, the
experimental data point on the ERp - calculated by taking the average
across the six cell sampleslo - is referred to as WP (x, Tymp)and p® (x, Tamp)
(Egs. 11 and 13, respectively), and the corresponding point from the
analytical power-energy relationship is defined by w’(x) and p’(x),
respectively. Hence, for the battery type b, the specific energy and power
RPE are

10 gtatistical analysis of the voltage, capacity and internal resistance for the
three LIBs from the pool of six samples is shown in Appendix B.

11

specific power for NCA, 2.93% and 1.44% for NMC, and 4.46% and
0.08% for LFP.

4.2. Case study

In this section, the proposed ERp power-energy relationship is
applied to a use case related to battery pack sizing in an electric vehicle.
The objective is to size the battery pack of a given vehicle based on
performance requirements (e.g., range, driving cycle). We consider the
Tesla model S (TMS) vehicle undergoing the urban dynamometer
driving schedule (UDDS) [41] cycle repeated to travel a distance of 320
km. The objective is to 1) select the most adequate ESS to meet the
vehicle requirements and 2) size the battery pack.

The selection of the most suitable battery chemistry involves the
analysis of vehicle power requirement first and after the selection of the
ESS on the ERp to match such requirements. A backward simulator of
the TMS is employed [45] to compute the demanded power at the wheel,
Py, and, by time integration, the respective energy, Ew, as follows

1
Py =i (Mwh}é + M, ogsin (5) + Ep,,i,A/Cdff) , (32)

If
EW:/ Py dt,
0

where x and X are the vehicle velocity and acceleration, respectively,
M,;, is the vehicle curb weight,'! g is the gravitational time constant
(9.81 m/ sz), fr is the rolling friction coefficient (assumed to be constant),
Pair is the air density (equal to 1 kg/m>), Ay is the vehicle frontal area, Cq

(33)

11 Whole vehicle weight excluding passengers.
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Fig. 15. RPE values in terms of (a) the specific energy, eﬁ,, and (b) specific
power, eg, for different discharge rates at ambient temperature of 25 °C. The
RPE values of NCA and NMC batteries are evaluated for C/20,1C,2C and 3C.
The RPE values of LFP are calculated for up to 20C.

Table 8
Vehicle parameter values for Tesla model S. Parameters M,, As, C4 are taken
from [42], f from [43] and  from [44].

M,en [kgl

Vehicle Af [m?] Cq [-] fr 4

0.012

n-]

Tesla model S 2087 2.34 0.24 0.8

is the drag coefficient and t; is the time duration of the driving cycle.'?
From the power profile at the wheel, we move backward through the
powertrain to characterize the power and energy required at the actu-
ator. The battery-to-wheel powertrain efficiency, 7, is approximately
80% [44]. TMS parameter values are summarized in Table 8. The power
to the battery, Pg, and, by time integration, the respective energy during
discharge, Eg, are computed as follows

1
Pp =— Py, (34)
n
If
@:/mm if Py20. (35)
0

With the purpose of translating vehicle requirements in terms of C-
rate of operation, the (P/E) ratio during discharge associated to the
battery is given as

/)2

(36)

12 The initial time is always assumed equal to O.

12

Applied Energy 291 (2021) 116473

=NCA Model =NMC Model ==LFP Model

T

6 min

]

—_

o
w

10h

Specific Power [W /kg
6L’\J

100 150 250 300
Specific Energy [Wh/kg]

200

Fig. 16. ERp diagram populated with the analytical power-energy relationship
of the LIBs - NCA, NMC and LFP - and the (P/E) ratio computed for the
considered scenario (TMS over UDDS cycle for 320 km). Circle markers
represent the intersection between the (P/E) ratio diagonal line and the
LIB curves.

Table 9

Estimated battery pack weight (when no wiring, sensors and external case are
included) and energy for NCA, NMC and LFP batteries for TMS application un-
dergoing UDDS cycle for 320 km.

NCA NMC LFP
Mpack s [kg] 278.5 277.4 638
Epacks [Wh] 70.6 70.5 69.3

where Py is the maximum battery discharge power.

The (P/E) ratio, computed with Eq. 36, has the unit of 1/h and can be
represented with a diagonal line in the ERp log-log plane through the
introduction of specific energy and power quantities. For the considered
vehicle and driving cycle, the calculated (P/E) ratio is 0.88 1/h. Fig. 16
shows the ERp diagram with: 1) the analytical power-energy relation-
ship (Eq. 22) and 2) the (P/E) ratio computed for the case study under
study.

As showed in Fig. 16, the discharge rate corresponding to the
computed (P/E) ratio can be handled by the three chemistry. The
matching operation returns the intersection points over the LIB char-

acteristic curves, namely eg and pg. The coordinates of the selected ESS
13

candidate are used to calculate the required mass of the device ~ as
follows
P, E
Myacs = maX{f’*; ,—B}. (37)
P ¢€B

From the required mass of the battery and given the cell nominal
specific energy from manufacturer speciﬁcation,14 refer to as e 5, the
overall energy of the battery pack, Epq 5, is computed as

(38)

EpackB = MpackB €ce -

Results in terms of battery pack weight and energy - for each LIB - are
summarized in Table 9. Based on each LIB cell nominal specific energy,
the energy of the pack is computed accordingly.

13 The computed ESS mass only considers the weight of the storage devices.
Additional weight is needed to account for the metallic case and other com-
ponents of the pack.

14 When the cell nominal specific energy is not explicitly given in the data-
sheet, as for the NMC and LFP chemistry, we can compute it as the product
between the cell nominal voltage and the cell nominal capacity, divided by the
nominal cell mass.
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Fig. 17. Nominal voltage distributions calculated from the six cell samples for
each LIB.
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Fig. 18. Discharge capacity (at C/20) statistical distributions calculated from
the six cell samples for each LIB.

5. Conclusions

This article investigated the experimental characterization of NCA,
NMC and LFP cells in terms of their specific energy, specific power,
thermal robustness, discharge efficiency and relative discharge time. Six
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fresh cell samples for each LIB were subjected to galvanostatic discharge
at multiple C-rates and different temperatures. Analysis of experimental
data shows that the NCA and NMC lose performance when tested at
higher C-rates. Their poor thermal robustness results in an abrupt drop
in measured capacity (up to —94% and —56%, respectively, when
compared to their nominal value) and discharge efficiency (up to —95%
and —65%, respectively, with respect to the C/20 baseline case). The
measured cell surface temperature increment across the C-rates tested
follows a similar trend for the NCA and NMC. Faster discharging rates do
not disrupt the performance of LFP cells. The measured capacity remains
close to the nominal value (the error never exceeds 5%), discharging
efficiency is always greater than 70%, relative discharge time r is close to
1 (ideal case) and good thermal properties are showed (both in terms of
thermal robustness and limited variation in temperature across different
cell samples). Experimental data are used to construct the ERp. Despite
the fact that previous works had proposed the construction of the ERp,
with three LIBs used in this work along with multiple cell samples tested
for each LIB and experiments covering a quite wide range of values of
discharge rates, this work adds to the existing in our opinion.

Along with LIBs, SCs were also considered and compared against the
LIBs on the ERp to highlight their complementary characteristics.

Next, we proposed a modeling approach intended to emulate the LIB
behavior on the ERp. To this purpose, an analytical power-energy
relationship and its experimental validation were proposed based on
an equivalent electric circuit model whose parameters are estimated by
means of a current pulse-train discharge experiment. Considering the
discharging rates within manufacturer limit, NCA cells showed an RPE
value of 4.88% for the specific energy and 1.85% for the specific power
(for NMC, 2.93% and 1.44%; for LFP, 4.46% and 0.08%). Finally, the
proposed ERp modeling procedure was applied to the problem of LIB
selection and sizing for an EV application.
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In this section, the statistical distributions of the nominal voltage, capacity and resistance of the cells under study are shown. In particular, Fig. 17
shows the statistical distribution, in terms of probability density function (pdf), of the nominal cell voltage for the three LIBs at the tested reference
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Fig. 19. Internal resistance distributions for the three LIBs at 25°. The internal
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resistance Ry is identified over the pulse-train test.

temperatures.
Fig. 18 shows the pdf of the cell capacity for the three batteries at the tested reference temperatures, whereas Fig. 19 displays the bell-shaped
distribution of the internal resistance at 25 °C (obtained from the pulse-train test).
Galavanostatic test data used in this paper are found in [46].
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