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Energy Density of Cylindrical Li-Ion Cells: A Comparison of
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The standard format for cylindrical Li-ion cells is about to change from 18650-type cells (18mm diameter, 65mm height) to 21700-
type cells (21mm diameter, 70mm height). We investigated the properties of five 18650 cells, three of the first commercially available
21700, and three types of the similar 20700 cells in detail. In particular, the (i) specific energy/energy density and electrode thickness,
(ii) electrode area and cell resistance, (iii) specific energy as a function of discharge C-rate, as well as (iv) heating behavior due to
current flow are analyzed. Finally, the production effort for cells and packs are roughly estimated for 21700 cells compared to 18650

cells.
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The lithium ion battery was first released commercially by Sony
in 1991,"? featuring significantly longer life-time and energy density
compared to nickel-cadmium rechargeable batteries. In 1994, Pana-
sonic debuted the first 18650 sized cell,’> which quickly became the
most popular cylindrical format. Besides cylindrical cells (e.g. 18650,
26650), Lithium ion technology is implemented in a variety of for-
mats depending on their application: coin (e.g. CR2032, CR2016),
pouch, and prismatic. The majority of electric vehicle (EV) manufac-
turers elect to use larger prismatic cells,* whereas Tesla had adopted
18650-type cells, which were produced in billions per year worldwide.

Today, Panasonic supplies Tesla with cells for the Model S, 3,
and X. The companies initially worked to establish the 20700 cell
format as a new standard for use in electric vehicles, however, it was
abandoned in favor of the 21700 format. An increase in cell size allows
for a larger jellyroll, in both width and increased number of windings,
therefore increasing electrode area (see Figure 1 for size comparison).
The larger 21700 format was adopted by other manufacturers and has
since become a new modern standard.’

Currently, a few different types of 20700 and 21700 cells are avail-
able commercially, however, to best of our knowledge there are no
published scientific investigations on these cells. Furthermore, in dif-
ferent discussions, we found that there is a controversy on an increase
of energy density by the cell format and a need to clarify this topic on
a scientific basis. Therefore, in this work we wish to shed some light
on the new format and its potential impact. To do this, we compared
several commercial 18650, 20700, and 21700 cells (see Table I).

In this paper, energy content, specific energy, cell performance,
internal resistance, and heating behavior during current flow will be
measured and correlated to electrode thickness and area. Based on the
results and in first approximation, we will also briefly discuss possible
production benefits of 21700 format over 18650.

Experimental

The various cell types evaluated in this study are shown with
respective energy, energy density, specific energy, dimensional data,
and voltage range in Table I. In order to identify cells we use a naming
scheme structured as [cell size]-[letter assigned to manufacturer][cell
type]. For example, 20700-E1 and 21700-E1 are different cells from
the same manufacturer. Energy density values are based on nominal
dimensions according to each cell’s data sheet. Please note that the
cell dimensions are not exactly the same as expected for the different
cell formats. For instance, the mean diameter of 18650 and 21700
cells is 18.08 mm and 21.19 mm instead of 18.0 mm and 21.0 mm,
respectively.
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All cells were first of all tested as delivered regarding their mass,
voltage, and internal resistance (Hioki 3554, 1 kHz). Table II shows the
mean values and the standard deviations. The low standard deviations
indicate that all cells are suitable for further tests.

In order to yield the coating thicknesses shown in Figure 2, the
cells were discharged to their respective end-of-discharge voltages
before disassembly in a fume hood. The electrodes were separated and
washed three times for 1 minute in DMC. After drying, the thicknesses
of the coatings were measured by a micrometer gauge. The mean value
of ten positions per cell were used in Figure 2. The X-ray computed
tomography image shown in Figure 3 was obtained for cell type 21700-
G1 with a v|tome|x 300. We note that cell types 18650-A2 (1.2Ah)
and 18650-A3 (2.2 Ah) were only used in Figure 2 and Figure 5.

For Figure 5a, two cells of each type were discharged and charged
three times at 0.5C (CC-CV until I<C/10), and their resistances were
measured twice after a break (>30min) in the charged state at room
temperature. Pouch cells with different electrode numbers (Figures 5b
and 5c), were built from NMC cathodes, graphite anodes, a Celgard
Separator (2325), and EC:EMC = 3:7 (Wt-%), 2% VC, 1M LiPF; as
electrolyte.

All electrochemical tests were performed by a BaSyTec XCTS
equipped with 25A channels at 25°C in climate chambers (Votsch).
Rate capability tests were performed by CC-CV charging at 0.5C to
4.2V, ending when I < C/10, and CC discharge ending at the respective
cutoff voltage. A 30 minute pause was placed between each step to
allow for voltage relaxation. Discharge rates of 0.5C, 1.0C, 1.5C,
2.0C, 2.5C, 3.0C, 3.5C, and 3.75C were used for all cells. Repetition
of all tests with a second cell showed very good reproducibility. Those
which exhibited great rate capability and lower heating (high power
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Figure 1. Size comparison of 18650 cells (h = 65mm, d = 18mm), 20700
cells (h = 70mm, d = 20mm), and 21700 cells (h = 70mm, d = 21mm). a)
side view, 20700 cells are not shown since their side view is very similar to
21700 cells. b) Comparison of cell diameter, (b) not in scale with (a).
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Table I. Overview on investigated cells.

Cell type Energy per cell/Wh Energy density/Wh/l Specific energy/Wh/kg h/mm d/mm Cutoff Voltage/V Charge Voltage/V
18650-A1 5.13 314.4 114.0 64.99 17.88 2.0 42
18650-B1 9.13 538.7 206.2 65.02 18.22 2.0 4.2
18650-C1 11.23 670.0 231.5 65.14 18.14 2.5 42
20700-D1 14.54 663.5 237.5 70.04 19.96 2.5 4.2
20700-E1 10.55 466.8 169.9 69.96 20.28 2.5 42
20700-F1 14.65 668.4 232.6 70.06 19.96 2.5 4.2
21700-E1 13.15 519.1 207.1 70.27 21.43 2.5 4.2
21700-G1 16.77 684.2 239.5 69.71 21.16 2.0 42
21700-H1 16.32 672.1 236.5 70.25 20.98 2.5 42
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Figure 2. Correlation of specific energy of commercial cylindrical cells as a
function of anode coating thickness measured after Post-Mortem analysis. The
fit was forced through the origin. Values were obtained at 0.5C discharge rate b)
d 25°C.
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Table II. Measured specifications of investigated cells. Data are % 1 —g
mean values and standard deviations. In case of cell 21700-G1 only 2
2 cells were available, therefore the errors from the measurement - 100+
devices were taken instead of the standard deviation. o '%at;’
o
Cell Cell  Capacity/ 400 500 600 700 800 900
Count  Type Ah m/g u/v Ri/m& x / pixel

42.234+0.10 3.77£0.01 162+0.3
48.79 £0.07 347001 104+£0.2
46.29 £0.06 3.53£0.01 104+0.2
62.16 £0.06 3.50+£0.01 14.84+0.2
58.06 £031 3.64+£0.02 11.54+04
62.06 £0.07 3.65+0.01 14.84+0.1
7045 £0.62 387+£0.02 13.6+03
68.46 £0.06 3.45+0.01 14.0+0.2
67.57+£0.09 3.58+0.01 15.0+0.2

100 18650-A1 1.50
30  18650-Bl 2.50
20  18650-C1 3.40
20 20700-D1 4.25
20 20700-El 3.03
40  20700-F1 4.25
20 21700-E1 3.75

2 21700-G1 5.00
20 21700-H1 4.80

cells) were subject to discharge rates up to 12C, and the maximum
channel current of 25A. Cell surface temperature was measured by
taping an NTC-type temperature sensor (error: =1°C) on the middle
of the cell can, where a ~1.5 x 2.0 cm? piece of plastic mantle was
removed.

Results and Discussion

Energy density and electrode thickness.—Figure 2 shows a clear
correlation between anode coating thickness from Post-Mortem anal-
ysis with specific energy on cell level. The anode was chosen for this
analysis since the material (graphite) is expected to be more similar
in the different cells from different manufacturers, while the cath-
ode materials may vary (different types of NMC, NCA, ...). In
particular, for cell types 18650-Al, 18650-A2, 18650-A3, and

Figure 3. a) 2D CT cross-section at mid-height of cell type 21700-G1, b)
1D CT cross-section along the broken line in (a). The dotted circle shows
the diameter of a 18650-type cell for comparison. White/grey/black in (a)
correspond to high/mid/low gray scale values in (b).

18650C1, the cathode chemistry is NMC111/LMO.,*’” LMO,’
NMC532,7 and NCA,”® respectively, which obviously does not
change the trend for the anode in Figure 2.

The data points in Figure 2 for both, the 18650 and 21700
cells show a similar correlation and scatter around a linear fit with
R? = 0.98. We note that this fit is forced through the origin which is
physically meaningful, since a hypothetical cell with no anode coating
has a specific energy of 0. In contrast to the cells with high specific
energy (right upper corner of Figure 2), the cells with lower specific
energy are typically high-power cells (left lower corner). Please note
that the trend for energy density is similar.

The scattering in Figure 2 originates from various factors, which
are summarized in Table III. Differences in cell design®!' (tab
design, cap), separator12 (thickness, material, porosity, tortuosity),
electrodes'>'* (loading, porosity, tortuosity, collector foil mate-
rial/thickness, N/P ratio), materials'*!> (active materials type, stoi-
chiometry, electrolyte/additives, conductive salt, SEI, binder, parti-
cle size distribution) which are likely to be present in the different
commercial cell types. For example, more than one tab is
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Table III. Possible influences on specific energy of a Li-ion cell.

Influence parameter
tab design
current collectors
cap
thickness
material
porosity
tortuosity
loading
porosity
tortuosity
collector foil material/thickness
N/P ratio
active materials type
stoichiometry
electrolyte/additives
conductive salt
SEI
binder
particle size distribution

Group
cell design

separator

electrodes

materials

favorable for the electrical homogeneity,'® internal resistance,’ dis-
charge capacity,'' and heating behavior>!' of high-power cells. Ad-
ditionally, uncertainties in the measurement of the anode thicknesses
must be taken into account.

Please note that the anode coating thicknesses in Figure 2 were ob-
tained from Post-Mortem analysis of commercial cells discharged to
their respective end-of-discharge voltage (see Table I). In this process,
the cell housing is removed and therefore potential pressure on the
jellyroll is released. Consequently, the measured thicknesses are not
exactly the same as in the closed cells since they might have slightly
expanded. Furthermore, during washing of the electrodes with DMC,
material might have been removed which would lead to a lower thick-
ness. However, a comparison with a 2D CT cross-section of cell type
21700-G1 (Figure 3a) showed a reasonable agreement. From 50 mea-
surements of the periodical distance from the CT image, a mean value
of 371 + 13 wm was obtained. Additionally, Figure 3b shows a 1D CT
cross-section where 22 windings (22 maxima) can be counted. The
mean periodical distance between each winding was calculated to be
376 4+ 23 wm and an inner cell diameter of 20.7 mm was determined
using the local minima adjacent to each housing peak. This is in the
same range as the sum of the thickness of anode, cathode, and 2x
separator obtained for the same cell type from Post-Mortem analysis
(366 pm).

It is noted that the 2D CT cross-section in Figure 3a looks similar
to that of 18650 cells.”'®2° The dotted circle in Figure 3a shows the
diameter of a 18650 cell for comparison. It can directly be seen that
for the same thickness of anode, cathode, and separator, less wind-
ings could be achieved. In this case (366 pm periodic distance) the
21700 cell can accommodate ~4 more windings. This is based on the
assumption that the space utilization at inner and outermost electrode
ranges is always optimized in the same manner. For thinner electrodes
the number of additional windings will be higher. Additionally, please
note that the extra outer windings of the 21700 cells contribute more
to the energy content of the cells compared to the inner windings
which would be also present an a similar 18650 cell. According to
the Archimedean spiral®! the increase of lengths of the electrodes is
disproportionately higher for outer windings.

It also has to be considered that the measured anode coating thick-
nesses in this paper are not the same as for the coated and calendared
electrodes in the production process before being built into the cells,
since soaking with electrolyte and cell formation are likely to lead to
a thickness increase.

Nevertheless, the high R?-value for the linear fit in Figure 2 shows
that in spite of the differences in the cells discussed above, the main
trend for higher specific energy is higher electrode thickness. This
trend holds for all three cell formats — 18560, 20700, and 21700 —
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Figure 4. Cylinder volumes used for the estimation of energy densities for
18650 and 21700 cells.

and from different manufacturers. I.e. the specific energy of cells with
comparable electrode thickness is similar for all three cell formats.
This implies, that for similar anode coating thicknesses, the main
changing parameter when going from 18650 to 21700 will be the
energy content of the cells and not specific energy or energy density.
Indeed, a straightforward calculation based on reasonable cylinder
volumes for 18650 and 21700 shows that the energy content is in-
creased by ~49%, whereas the energy density increases by only ~2%.
In this very basic calculation the volume of the jelly roll (excluding the
empty volume in the core) is used as a measure for the energy content
and compared with the total outer volume of the cells (energy density)
which are treated as mathematically perfect cylinders (for measures
see Figure 4). We note that this is a rough estimation which is only
valid if usage of volume inside cells is not enhanced by changing the
cell format.

The estimation of energy content was cross-checked by measuring
the lengths of the windings in the CT image (Figure 3a). Comparison of
the length of all windings (21700 cell) with the inner windings (18650
cell) and correction by a factor taking the heights of the cell types into
accounts yielded again 49% of energy increase and is therefore in total
agreement with the estimation by cylinder volumes. Considering the
fact that the outer windings contribute strongly to the cell capacity it
is not surprising that the outer diameters given in Table I are in some
cases higher than expected from the numbers in the cell format.

The anode thickness in cylindrical cells with common materials
can be estimated by the slope of Figure 2 as

d [um] = spec1ﬁ(2: energy [Wh/kg] [

.81+0.12

Recently, Muenzel et al. tested five different types of 18650 cells
which had charge capacities in the range of 3.07Ah to 4.9Ah.?* Three
of these 18650 cells rated below 3.35Ah were produced by major
manufacturers and performed above 93% of their rated capacity.’* In
contrast, two cheaper cell types which were rated with unusually high
values of 4.2Ah and 4.9Ah performed very poorly with only 18%
and 12% of their rated capacity, respectively.”> From our results it is
likely that these cheaper cells investigated by Muenzel et al.?> were
built to have theoretically increased capacities by thicker electrode
coatings. By using Eq. 1 we roughly estimate a coating thicknesses
for the anode of ~166 + 10 wm (based on 469.0 Wh/kg = 4.2Ah
x 3.6V/32.24g and 464.4 Wh/kg = 4.9Ah x 3.6V/37.98g,2 with
the assumption of 3.6V as nominal voltage). Our estimation of the
high coating thicknesses in the 4.2Ah and 4.9Ah cells reported by
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Muenzel et al. are in accordance with high ohmic cell resistances®?
and short electrode lengths? of these cells. It is likely that the coating
thicknesses of the electrodes in these cells exceed a critical limit
leading to effectively lower specific energies, i.e. a decrease of the
practically usable capacity.?*

Therefore, it is very likely that the correlation in Figure 2
should become non-linear (more flat) with a transition above ~90pum
(~240Wh/kg), which is in accordance with simulations by Du et al.
who calculated such a curve shape® and with results by others who
investigated thick electrodes.?>?*?¢ It was also reported that the curve
shape depends on the discharge C-rate.>** Le. Singh et al. reported
that the capacity increases with electrode thickness up to 305 pm for
C/10, however there are maxima e.g. for C/5 and C/2 at 255pm and
205um, respectively.* Therefore, Eq. 1 describes only the relation
for anode coating thicknesses up to ~90pm and the corresponding
practical specific energies for 18650, 20700, and 21700-type cells
with common materials at 0.5C/25°C.

The reason for this deviation at anode coating thicknesses above
~90pum is most likely that the inner part of the active material in
the coating (near the current collector) is underutilized at very high
electrode loadings.?>?® Danner et al. presented experiments and simu-
lations on the performance of Li-ion cells with electrodes of different
thickness with discharge rates in the range of C/10 to C/2.2° In that
study, cells with coating thicknesses of 70um showed a significantly
better performance than cells with 320 wm coating thickness.?® This
fits to the trend discussed above. Danner et al. attributed this per-
formance loss for thicker NMC electrodes to a strong limitation of
the transport of Li ions in the electrolyte, which was expressed in
a vanishing of the Li ion concentration in the cathode near to the
current collector.?® Du et al. came to the same conclusion for NCA
cathodes.”

The higher specific energy as a function of thicker anode coating in
Figure 2 originates from a better ratio of active/inactive materials and
is likely to be the most important factor for conventional electrodes.
Obviously, this trend in Figure 2 is the same for 18650, 20700, and
21700 cells. Therefore, the 20700 and 21700 cells do not show a
significant increase of specific energy compared to 18650 cells which
would originate from the size difference. A stronger difference is
observed between cells of the same format which are optimized either
for high energy or for high power.

Influences on cell resistance.—Figure 5a shows the cell resistance
for different commercial cylindrical cells as a function of capacity. It
can be seen that the data points of the 18650 cells mostly form one
group and those of the 20700 and 21700 cells form a second group.
We note that one of the points (18650-B1) is an outlier cell. We are
currently investigating the reason the lower resistance of this cell type.

The resistances of the 18650 cells are systematically higher com-
pared to the 20700 and 21700 cells. Within both groups, the cell
resistance rises as a function of discharge energy. The reason is that
higher discharge energies are achieved by thicker electrode coatings
(see Figure 2 and Eq. 1), which lead to shorter electrodes and con-
sequently to smaller total electrochemically usable electrode areas at
a given cell diameter. An additional contribution is related to the re-
sistance rise due to higher electrode thickness,?” however, this cannot
be directly seen from Figure 5a. Unfortunately, the resistance values
given in literature cannot be directly compared with our results, since
they were not measured with the same method.

Again, we observed clear trends including some scattering of the
data. The reason for the deviations from the trend are based on elec-
trolyte, electrode porosity, active materials, binder, and particle size
distributions as summarized in Table III.

The trend of the lower resistances for the larger 20700 and 21700
cells can be explained by the larger electrode areas due to larger
cell diameters. Figure 5b shows the cell resistances of stacked lab
pouch cells (<1.5Ah) as a function of the number n of cathodes in
the stack. It can clearly be seen that the cell resistance decreases with
n and therefore with the total cathode area in the cell. The decrease
fits very well to a hyperbola (see inset of Figure 5b) in analogy to
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Figure 5. a) Cell resistance of cylindrical cells with different formats as a
function of cell capacity. b) Cell resistance as a function of the number of
electrodes in stacked lab pouch cells. The inset shows the analogy to resistors
connected in parallel. ¢) Cell resistance as a function of total cathode area in
different types of lab and commercial cells.

resistors connected in parallel. This resistive behavior of a cell with
electrode areas connected in parallel is very similar to cells connected
in parallel.”®

Figure 5c shows the resistances of the stacked lab pouch cells
together with very different types of commercial cells as a function of
coated cathode area. The cathode area was chosen in this evaluation
since it is limiting the cell capacity. It can clearly be seen that the
resistances of all these very different types of cells (small lab pouch
cells, 18650, 20700, 21700, large pouch cells) follow a similar rule
as in Figure 5b. One difference between these cell formats are the
positive temperature coefficient (PTC) resistors which are usually only
implemented in cylindrical cells. However, the effect of the coated
cathode areas seems to be much stronger than the resistance of the
PTCs.
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Ohmic losses due to electron conductivity and lithium transport
through the pores become more prominent in thicker electrodes.?
Indeed we also observe an increased overpotential for cells with
thicker electrodes. At higher discharge rates, the initial voltage drops
of the cells in Figure 6b) and Figure 6d) become more significant than
for the high power cells.

To better visualize rate capability, Figure 7a plots the total dis-
charge energy of all cells as a function of discharge C-rate. Cells
having higher initial discharge capacity within the same format show

4.5 4.5
c) d) = a steeper decline in available capacity with increasing discharge rate.
E 4.0 4.0 —15¢ Cell 18650-C1 has the highest anode coating thickness at 101jum, and
g 35 35 —25¢C shows by far the worst rate capability, with available energy dropping
5 \ 8 off sharply around 2.5C. We suspect that his behavior is related to
g 30 3.0 S50 very low porosity of the anodes from this cell.
25 25 From Figure 7a, the clear trend of an upper limit for the rate

02 46 81012141618
Discharge Energy /Wh

0246 81012141618
Discharge Energy /Wh

Figure 6. Discharge voltage curves for 21700 a) high power: 21700-E1, b)
high energy: 21700-H1, and 18650 c) high power: 18650-Al, and d) high
energy: 18650-C1 cells, with anode thicknesses of 65um, 91pm, 34pum, and
101m, respectively.

Rate capability tests.—Figures 6a—6d shows exemplarily the dis-
charge curves at high C-rates for 21700 high power, high energy,
and 18650 high power, and high energy cells, with anode thicknesses
of 65 wm, 91 wm, 34 pm, and 101 pwm, respectively. The longer
path for e to travel through the conductivity network (graphite, con-
ductive carbon) as well as the diffusion path for Li* through of the
pores of a thicker electrode in Figure 6b) and Figure 6d) result in
faster energy loss and lower average voltage at high C-rates than in
Figure 6a) or Figure 6¢). Our experimental results with commer-
cial cells are in accordance with simulations of 18650 cells by Du
et al. who investigated cathode thicknesses ranging from 60 pm to
240m.> Different thicknesses showed little to no capacity loss up
to C/2, but saw marked differences at higher rates.”> 240pum showed
nearly 50% lower discharge energy than 60pm at 1C, and just over
12.5% of the capacity at 2C in simulations.?® This is exemplified in
our experimental results at 3.75C where the cell in Figure 6d) reaches
~33% of its original discharge energy, and the cell in Figure 6¢) still
retains ~93%. Singh et al. also studied the effects of electrode thick-
ness of single layer NMC pouch cells, increasing anode and cathode
thickness from 70pm to 305um.? At C/5 virtually no capacity loss
was observed, however, noticeable increase was seen in overpotential
with increasing electrode thickness in both charging and discharging
curves.”

capability can be seen. This trend can be fit by line (broken line,
slope = —0.35, R? = 0.96). Here is has to be discussed that cells with
higher energy content can deliver higher absolute currents. Therefore,
Figure 7b shows the same data plotted against absolute currents. It can
be seen that the higher energy contents compensate the rate capability
only partly.

Figures 7a and 7b are superimposed with data with the tempera-
tures at the end of discharging. Near the broken lines in Figures 7a and
7b, a rise of the cell surface temperature can be observed. Therefore,
the temperature rise of the cells due to current flow are a limiting
factor for rate capability. This limit is valid for all tested cells in this
study, independent from the cell format.

Heating of cells due to current flow.—Figure 8 shows exemplarily
the rate-dependent surface heating of 21700 a) high power, b) high
energy, and 18650 c) high power, and d) high energy cells, with an-
ode thicknesses of 65 pm, 91 wm, 34 pm, an 101 pwm. High energy
cells with thicker anodes show substantially increased heating during
discharge. Ohmic resistances as well as polarization and reaction heat
in the cells*® cause a loss of power as waste heat, and in turn, lower
discharge energy. We note that discharge tests were automatically
stopped if the cell surface temperature reached 65°C, which is higher
than the manufacturer’s stated maximum (typically 60°C). For exam-
ple, the cell in Figure 8b) was unable to safely complete discharging
past 2C due to excessive heat generation.

Zhao et al. performed simulations of LMO/graphite cells to study
thermal and electrochemical effects of varying electrode thickness.?’
In accordance with our results, the authors found that cells with thicker
electrodes experienced more intensive and uneven temperature re-
sponses mostly due to ohmic heat generation.”” Thicker electrodes
showed lower power output due to longer diffusion distances and
concentration polarization, and diffusion limitation in thicker cells
resulted in underutilized active materials.?>
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Figure 7. Discharged capacity for different 18650, 20700, and 21700 cells superimposed with temperatures at the end of discharge as a function of a) discharging
C-rate and b) absolute discharge current.
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Figure 8. Temperature rise of selected 18650 and 21700 cells during cur-
rent flow at an ambient temperature of 25°C. a) 21700-E1, b) 21700-H1,
C) 18650-A1, d) 18650-C1.

In Figure 9a, the maximum surface temperature reached for each
cell as a function of C-rate demonstrates the heating behavior of the
different tested cells. The slope becomes steeper with larger cell size
and higher capacity in the same format. This trend was analyzed and
is shown in Figure 9b. Larger cells take longer to dissipate heat, due
to the lower surface to volume ratio (~88% for 21700 compared to
18650 cells). Cells with the same format and higher capacity have a
higher ratio of active to non-active material, also making them denser
and slower to dissipate heat. These physical attributes are the reason
we observe a 21700 cell with 91pm anode thickness showing ~130%
of the heating rate compared to an 18650 cell at 101 pm.

The ranges for the different cell formats are shown in Figure 9c for
the tested cells. The regions between the high energy and high power
cells of each format were shaded to represent the temperature and
rate limits for each. The ranges only reflect tests performed at 25°C.
Predictably, 21700 is somewhat close to 20700, and 18650 is further
below.

Estimation of production effort — 21700 vs. 18650.— Analysis of
industrial manufacturing processes is often difficult due to proprietary
processes of competing companies. Models such as BatPac®! attempt
to calculate production costs. A cost model adopted from BatPac
comparing cylindrical 18650 and 20720 cells found that cell housings
contribute significantly to the total cost of production.* Initial SEI
formation was identified as a costly step per kWh of 18650 cells due
to its long time needed.**

Figure 10 shows the major production steps of cylindrical cells
from materials to a pack. In a first approximation, we compare 21700
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and 18650 cells regarding production effort. The basis for this rough
estimation is the energy content per 21700 cell which is ~150%
compared to an 18650 cell with comparable energy density and spe-
cific energy, e.g. 18650-C (3.2 Ah, 101um anode) and 21700-H (4.8
Ah, 91pm anode). Furthermore, very similar production equipment is
taken into account, e.g. a coater, cutter, and calander that can adapt to
widths of 18650 and 21700 cells. Since economy of scale was calcu-
lated to be reached above ~1 GWh per annum,* a larger factory above
this value was considered where scaling effects become negligible.

Cell level.—In order to produce an energy storage capability of
one Wh in 18650 and 21700 cells,

1) A similar amount of electrode active materials/binder/
conductive carbon black, current collectors, and separators are
needed.

2) However, the number of cell housings is reduced by 33% per
Wh.

Therefore, from the materials side the production cost per Wh is
most likely reduced.

The following steps have to be considered in the production pro-
cess:

3) Additional jellyroll windings are needed, however, less time is
needed per additional winding in case the rotation speed stays
the same. We note that this is likely to be a minor effect when
comparing 18650 and 21700 cells. The difference would be
stronger when different electrode thicknesses are compared for
the same jellyroll diameter.

4) In kind with fewer cell housings, 33% fewer jellyroll insertions,
electrolyte fillings, and cell closings per Wh are needed.

5) In case of a similar formation procedure, the electrical energy
needed for formation per Wh will be similar. However, forma-
tion is the slowest step in the production process.**?> Assuming
available electrical infrastructure, 33% fewer cells would un-
dergo formation per Wh, and therefore an increase in energy
output when maintaining the same number of formation sta-
tions can be expected.

Pack level. —At pack level, effort, and therefore costs, are also
likely to shrink due to a lower number of cells needed to store equiv-
alent amounts of energy:

1) 33% fewer cells are required per pack (moving cell into array,
welding) in order to get the same total energy content. Pack
design and module configuration should be taken into consid-
eration, as more factors affect the number of cells needed than
simply energy content at cell level. For certain applications
it might even be possible to replace a pack consisting of two
18650-type cells by only one 21700 cell.

2) Fewer cells means less overhead for the BMS in case of indi-
vidual cell monitoring.
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Figure 9. a) Maximum cell surface temperature reached during, or after, completion of discharge step for different commercial 18650, 20700, and 21700 cells
and b) correlation of the slope in (a) with anode coating thickness. C) Observed operational temperature range for different C-rates in commercial 18650, 20700,

and 21700 cells.
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Figure 10. Material and time saving steps when changing the production from 18650 to 21700 type cells.

3) In case of a close-packed arrangement of cylindrical cells, the
percentage of voids between the cells does not decrease from
18650 to 21700. Therefore, the total pack volume per Wh and
the amount of cooling liquid in the voids will be similar. It
is important to note a pack height increase of at least Smm,
particularly when retrofitting into existing applications.

Production line level.—On the production line level, investments
are necessary to go from 18650 to 21700 cells. These investments
comprise of updating the coating/cutting width, adapting/adjusting
equipment for larger cell housings, including jellyroll insertion, clos-
ing, and formation stations (e.g. size and maximum current). Further-
more, it is very likely that development of electrodes fitting the new
cell format will be necessary. However, adaptation of an existing line
is likely to be significantly less expensive than its initial investment
cost. Ideally, once production begins, up to 50% higher energy con-
tent would be produced with 21700 as for the same number of cells
as 18650. We note that the numbers given above are rough estimates.
Less optimistic results should be anticipated due to any number of
circumstances not accounted for here.

Conclusions

We investigated several commercial types of 18650, 20700, and
21700 cells. It was found that

1) The energy content per cell can be higher by ~50% for 21700
compared to 18650. Therefore, for certain applications, less cells
have to be built and used to deliver the same amount of energy.

2) The higher energy content on cell level leads to potentially lower
effort and costs in the production of 21700 compared to 18650
type cells and their packs. The benefit of lower cell hardware
costs is likely to be caused mainly by less cell housings, fewer
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jellyroll insertions/closings/tab welding, and less cell formations
per Wh. More produced Wh per existing station might also have
a trickledown effect on the cost.

3) The energy density does not increase significantly by changing
the cell format from 18650 to 21700 type. Instead, for state-of-
the-art cells, the energy density is mainly a function of the anode
coating thickness, i.e. high energy cells with current material
combinations usually have thicker electrodes. The study showed
that it is very important to use comparable coating thicknesses or
electrode loadings when comparing different active materials or
at least give the coating thickness for later comparison.

4) The cell resistance is negatively influenced by the electrode thick-
ness and positively by the electrode area. For cylindrical cells
these parameters correlate with each other. This contributes to the
lower performance of high energy cells. Going from the 18650
to the 21700 format, the cell resistance decreases noticeably and
shows a relatively flatter correlation to anode coating thickness.
The reason is the larger usable coated cathode area in the larger
21700-type cells, especially due to the outer windings of the jelly
roll.

5) Increasing electrode thickness in commercial cells has a negative
impact on the discharge rate capability. Cells with thicker elec-
trodes experience higher losses by limited transport, resulting in
lower discharge energy and underutilized electrode active mate-
rial. The general trend for all tested cell types was found that the
rate-capability is limited by the temperature on the cell surface
due to current flow.

Extensive data evaluation in the present study lead to valuable new
insights regarding energy density, energy content, internal resistance,
and heating behavior of 21700 compared to 18650 cells. State-of-the-
art 18650, 20700, and 21700 type cells are similar in their specific
energy and energy density.
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Our results emphasize that specific energy and energy density can
mostly be enhanced on the level of materials and electrodes, i.e. new
energy storage materials for future battery generations are needed.
Additionally, an optimization of the electrode structure, electrolyte,
formation, and cell design is necessary for each individual cell type.

A direct comparison by building 18650 and 21700 cells with the
same types of electrodes is underway in our lab.
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