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Abstract— This paper presents a non-invasive technical analysis 

of the degradation of four lithium-ion batteries (LIBs) used in ex-

treme frigid weather. In contrast to other studies in which the bat-

teries were tested in laboratory conditions, the LIBs studied in this 

paper were aged in a real application, more specifically in the 

WindSled project. In this project, an expedition was made using a 

zero-emission vehicle drawn by kites, covering more than 2500 kil-

ometers on the East Antarctic Plateau. The study performed in 

this paper aims to quantify the degradation of the LIBs during the 

expedition. The results show a 5 % capacity fade, a 30 % increase 

in the internal resistance and no substantial increase in the imped-

ance of the solid electrolyte interface (SEI). Moreover, no evidence 

of dendrite growth at the anode is inferred by the interpretation of 

the distribution of relaxation times (DRT), incremental capacity 

analysis (ICA) and differential voltage analysis (DV). Based on 

these results, it can be claimed that the LIBs used in the WindSled 

Project can successfully operate under –50 ºC. Furthermore, since 

non-invasive techniques were used to characterize the batteries, 

they can still be used in upcoming expeditions, with subsequent fi-

nancial and environmental benefits. 

Index Terms—Battery, DRT, DV, EIS, energy storage, ICA, 

lithium-ion, temperature.  

I. INTRODUCTION

INCE the industrial revolution in 1769, the atmospheric

concentrations of CO2 have increased relentlessly. Alt-

hough industrial development has made it possible for people 

to achieve levels of cultural, scientific and social well-being 

that were completely unattainable a few centuries ago, there is 

an increasing need to replace the current energy model with one 

in which energy generation and storage are not dependent on 

fossil fuels. It is therefore normal to find research proposals to 

address this issue.  

Over the last decade, lithium-ion batteries (LIBs) have been 

put forward as the best storage alternative for the transport sec-

tor as well as for grid support [1]–[4]. Despite its high effi-

ciency, energy density and power density, this technology, 

which is based on electrochemical reactions with ion intercala-

tion, still needs to overcome a number of challenges. 
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From a technical point of view, the operation of LIBs at sub-

zero temperatures is one of the most critical factors, for two rea-

sons. Firstly, the power and energy capacities of LIBs are re-

duced [5]. Secondly, it leads to accelerated aging phenomena 

that can induce catastrophic battery failures [6]. 

The anode, which is usually made of graphite, is the battery 

component to limit low-temperature operation. With regard to 

battery charging particular attention should be paid to lithium 

plating. This process consists in the deposition of metallic lith-

ium on the solid electrolyte interface (SEI) at the anode, leading 

to an irreversible capacity fade. Moreover, there is also an in-

crease in impedance, since the remaining ions cannot migrate 

through the plated lithium. Furthermore, this can result in an 

internal short-circuit due to the dendrites built by the metallic 

lithium. The poorer performance of LIBs under low tempera-

tures has been duly reported in the literature, measuring capac-

ity reductions of 30% at 5ºC [7]. Considering the battery inter-

nal resistance, previous studies report increases of up to 15- fold 

at –20 ºC [8]. 

This paper makes an in-depth analysis of the performance of 

the LIBs used in the WindSled project, a scientific expedition 

carried out in East Antarctica, the coldest area on Earth. Due to 

the incipient environmental interest in Antarctica, the labora-

tory and personnel forming part of the expedition traveled in the 

sled shown in Fig. 1, drawn solely by kites. The electricity re-

quired for survival and for the scientific experiments was deliv-

ered by flexible PV panels installed on the sled. This electrical 

energy was stored in LIBs specially designed to withstand the 

extreme temperatures, close to –50 ºC, during the 52 days of the 

journey. The expedition succeeded in performing ten scientific 

experiments with high international impact [9]. 

The aim of this study is to report on the technical viability of 

LIBs as an electrical energy storage system in frigid weather 

conditions, providing in-depth characterizations of the batteries 

used and inferring the most critical aging phenomena suffered 

S 

Fig. 1.  A picture of the WindSled taken during the expedition. 
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by these LIBs. The novelty of this contribution is related to the 

fact that the batteries were not aged in a laboratory under pre-

defined conditions, but in a real-life expedition where the oper-

ation was not simply realistic, but actually real. On the one 

hand, this work provides a comprehensive overview of the cur-

rent non-invasive techniques directed at identifying the internal 

changes taking place in LIBs. The physical changes occurring 

during the aging process cannot be inferred by simple electrical 

measurements such as capacity, which is insufficient to assess 

the reliability of re-using an LIB. Therefore, tests to infer the 

interior physical condition of the cells are required. On the other 

hand, the reasoning and interpretation of the results obtained 

were applied to a real scenario in which the operating condi-

tions could trigger hazardous aging caused by dendrite growth. 

Therefore, this work could serve as a guideline for future inves-

tigation in which the feasibility of battery reuse needs to be 

demonstrated. The main advantage of this proposal is that the 

entire test methodology is non-invasive and so there is no dam-

age to the cells during testing. 

The remainder of this paper is organized as follows. Sec-

tion II gives a brief description of the polar expedition, includ-

ing the energy storage systems. Section III provides a compila-

tion of the main characterization techniques for LIBs, as well as 

an analysis of their suitability for the analysis of sub-zero oper-

ation. Section IV presents the proposed experimental procedure 

and tests carried out on the LIBs. Section V analyzes the results, 

that show the effect of freezing weather on LIBs. Finally, Sec-

tion VI summarizes the main results and presents the conclu-

sions.  

II. EXPEDITION  

A. Details of the expedition 

The WindSled project has demonstrated the feasibility of 

conducting an expedition to Antarctica using only the sun and 

wind as power sources. The sled covered 2538 km in 52 days 

reaching a maximum altitude of 3768 m above sea level (Dome 

Fuji). This non-motorized vehicle departed from the Russian 

base of Novalazárevskaya on December 12th 2018 and returned 

on February 1st 2019, going beyond places such as the North 

American research base Plateau Station and Dome Fuji.  

The WindSled comprises the three modules shown in Fig. 1, 

with a total length of 9 meters and width of 4 meters, carrying 

a total weight of up to 2 tons and with room for up to 6 crew 

members. The first is the locomotive module, which serves to 

control the kites and to serve as a scientific workshop. The sec-

ond is the cargo module to store the scientific equipment, gro-

ceries and expedition materials. Furthermore, the cargo module 

is covered by 12 m2 of flexible PV panels, used to charge the 4 

LIBs studied in this paper. The final module corresponds to the 

living quarters.  

B. The energy storage system 

Lithium-ion batteries were used as the energy storage system 

for this expedition. The critical requirements for these LIBs are 

a high energy density and reliability at low temperatures (down 

to – 50 ºC). The batteries chosen for WindSled project were as-

sembled by a 4S4P connection of 16 MP176065 xtd cells from 

Saft [10]. These cells use Lithium-Nickel-Cobalt-Aluminum 

Oxide (NCA) as the cathode material and a graphite-based an-

ode. The cells have an operating range from –40º C to 85ºC. 

This extended range could be explained by an improvement in 

the electrolyte by means of additives or co-solvents with low 

melting points and low viscosity. Further information on the 

cell performance can be found in [11]. The cells have a rated 

voltage of 3.65 V and a rated capacity of 5.6 Ah, giving a bat-

tery voltage of 14.6 V and a capacity of 22.4 Ah. Each battery, 

including the BMS, weighs 2.7 kg, achieving an energy density 

of 120 Wh/kg.  

Even though the battery cycling profile during the expedition 

was not as well characterized as in a laboratory experiment, the 

main operating characteristics of each battery are summarized 

below. Further information regarding the equipment consump-

tion and describing the experiments conducted in the WindSled 

project is provided in [9].  

• Battery 1 (E1): powers the AEMET weather station and is 

charged by a 90 W PV panel. Fully discharged several times. 

• Battery 2 (E2): powers the ESA equipment and is charged 

by a 75 W PV panel. Kept at high SOC for the entire expedition. 

• Battery 3 (E3): powers the MICROAIRPOLAR equip-

ment and is charged by a 75 W PV panel. Fully discharged sev-

eral times but to a lesser extent than E1. 

• Battery 4 (E4): unused. It was short-circuited during the 

first day of the expedition at a SOC of 80 % due to a human 

error. The battery was not damaged, but the internal protection 

fuse rendered it unusable. 

III. CHARACTERIZATION TECHNIQUES FOR LIBS 

The correct characterization of an LIB provides decisive in-

formation about battery functionality. The main electrical pa-

rameters that characterize a battery are the capacity, internal re-

sistance, open circuit voltage (VOC) and state of charge (SOC) 

relationship, and self-discharge. Furthermore, through non-in-

vasive characterization techniques and their subsequent analy-

sis and interpretation, the aging mechanism can be glimpsed. In 

this section, a brief explanation of each parameter is given, 

along with a description of the most common experimental tests 

used for quantification purposes.  

A. Capacity 

Capacity measurement should be performed under controlled 

temperature conditions, usually at 25 ºC [12], and with stand-

ardized current profiles. The current is usually kept below C/3 

for correct capacity measurement, in order to avoid self-heating 

processes [13]. 

A full charge – discharge cycle not only permits capacity 

measurement, but also an estimation of the current state of the 

electrodes [12]. For this purpose, the incremental capacity anal-

ysis (ICA) 𝑑𝑄/𝑑𝑉 = 𝑓(𝑉), and differential voltage analysis 

(DV) 𝑑𝑉/𝑑𝑄 = 𝑓(𝑄) can be performed. Given that the VOC of 

a cell depends on the balance between the positive and negative 

electrodes, it is affected by the aging phenomena [12]. As high-

lighted in previous studies [14], currents under C/2 are suitable 
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for ICA/DV studies since the major peaks can be clearly iden-

tified with this current. 

Typically, two major peaks can be observed in the ICA for 

graphite+NCA cells. The peak occurring at a lower voltage is 

commonly used as an indicator of the underlying reactions on 

the anode, while the sequential phase transition process in the 

cathode dominates the higher voltage peak [14]–[16]. In a sim-

ilar way, the DV can be used to infer the loss of lithium inven-

tory (LLI) and/or the loss of active material (LAM). The DV 

curve can be split into three regions, Qa, Qb and Qc. A reduction 

in Qa and/or Qb indicates a loss of active material on the anode 

[14], [17]. In contrast, a reduction in Qc is related to the LLI 

[18], [19]. 

LLI is commonly associated with aging phenomena that con-

sume Li ions from parasitic reactions such as lithium plating 

and/or inactive species precipitation [12], [19], [20]. On the 

other hand, mechanisms affecting the amount of active materi-

als, such as dissolution and/or grain isolation are related to 

LAM [12], [19]. Many studies have reported LLI to be the main 

cause of capacity loss [20], [21].The aging mechanism known 

as lithium plating, specifically at low temperatures, can lead to 

dendrite growth and accelerate SEI formation [19]. Some au-

thors draw a distinction between LLI and lithium plating. The 

effect of lithium plating can be seen in an ICA curve as the 

emergence of a new low amplitude and high voltage peak [20], 

[22], [23]. This peak can be used as a lithium plating indicator.  

B. Impedance 

The battery impedance can be measured by exciting the LIB 

with a current pulse or with a sinusoidal signal. Related to the 

real part of the impedance (resistance) two relevant values are 

usually provided: RDC is the battery resistance for low-fre-

quency operation and RAC is the resistance at high-frequency 

operation.  

The most common technique for the measurement of RDC 

consists in the application of a current step (ΔI) to a relaxed 

battery. With the measurement of the voltage response (ΔV), 

RDC can be calculated by means of Ohm’s law, as shown in (1). 

Due to the simplicity of this method, LIBs are modeled with a 

low computational cost, which is desirable in many electrical 

engineering applications [24], [25]. 

𝑅𝐷𝐶 =
Δ𝑉

Δ𝐼
 . (1) 

A more comprehensive measurement of the battery imped-

ance can be addressed through an electrochemical impedance 

spectroscopy (EIS). This technique provides information about 

most material properties, interfacial phenomena and electro-

chemical reactions [26]. In Fig. 2, a graphical representation of 

a typical EIS of a LIB is presented by a Nyquist plot. The inter-

section of the impedance plot with the real axis corresponds to 

the internal ohmic resistance, which includes the ionic conduc-

tivity of the electrolyte and the electronic conductivity of the 

electrodes, current collectors and electrical contacts [27]. 

Low frequencies of less than 0.5 Hz are dominated by diffu-

sion. The ion migration inside the electrodes and electrolyte is 

driven by law of diffusion and by the concentration gradient 

[28]. 

In the mid-frequency range of an EIS, either one or two arcs 

can be seen depending on the state of the battery. The cell char-

acteristics that determine the shape and size of the arcs are the 

charge transfer resistance, the double-layer capacitance of the 

anode, the double-layer capacitance of the cathode, and the re-

sistance of the SEI layer [27]. This mid-frequency impedance 

is highly dependent on the battery SOC, since the ion concen-

tration and the lattice structure of the electrodes depend on the 

SOC. The NCA cathode charge transfer is the dominant process 

of the arc at low SOCs [29], whereas at high SOCs, the critical 

component is the graphite anode [30]. The interpretation of this 

mid-frequency range is the most challenging data processing 

task, given that various electrochemical effects have similar 

time constants [28]. Over the las  few years, the distribution of 

relaxation times (DRT) method is gaining popularity [31], [32]. 

This analysis is based on the probability of a process occurring 

within a specified time constant. The measured impedance data 

in the frequency domain are deconvoluted to fit the following 

expression 

𝑍(𝑓) = 𝑅𝑜ℎ𝑚 + ∫
𝑔(𝜏)

1+𝑗2𝜋𝑓𝜏
𝑑𝜏

∞

0
 (2) 

where 𝑅𝑜ℎ𝑚 is the ohmic resistance, 𝑔(𝜏) is the distribution of 

relaxation times, 𝑗 the imaginary unit, f the frequency and 𝜏 the 

time constant. Note that this method assumes an impedance 

model built by infinite R||C branches connected in series, the 

impedance of each branch can be expressed in the frequency 

domain as: 

𝑍(𝑓) =
𝑅

1+𝑗2𝜋 𝑓 𝑅 𝐶 
 . (3) 

The impedance data is generally acquired in a logarithmic 

scale. Thus, (2) can be rewritten as 

𝑍(𝑓) = 𝑅𝑜ℎ𝑚 + ∫
𝛾(𝑙𝑛𝜏)

1+𝑗2𝜋𝑓𝜏
𝑑𝑙𝑛𝜏

∞

−∞
 (4) 

being 

𝛾(ln𝜏) = 𝜏g(𝜏) . (5) 

 

Relevant information about the correlation between the DRT 

and the underlying physical phenomena has been published in 

the literature. Firstly, the SEI resistance has been proven to have 

no significant dependence on SOC for SOCs greater than 10% 

[33]–[35]. Typical values of the SEI characteristic frequency 

are 16 – 160 Hz [33], 36 – 76 Hz [34], or 28 – 50 Hz [35].  

At low SOCs, the charge transfer at the cathode becomes the 

 

Fig. 2.  Typical EIS of a LIB at various SOC levels. 
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dominant process. In a recent publication [30] analyzing an 

NCA cathode and graphite anode cell, like the ones studied in 

this paper, the characteristic frequency of the charge transfer at 

the cathode varies from 0.4 Hz to 2 Hz depending on SOC. At 

the same time, a frequency of about 5 Hz was identified with 

the charge transfer phenomenon in the anode. 

C. Self-discharge 

Self-discharge of an LIB is the reversible loss of charge, 

which results in a voltage decay throughout the storage time. 

The three main reaction mechanisms are the absorption of elec-

trons and ions at the SEI layer, the reversible reduction of car-

bon dioxide to oxalate, and the side reactions between the anode 

and cathode [36], [37]. 

The most widely-used method to measure the self-discharge 

of a battery is based on measuring the voltage decay throughout 

the storage time (dVOC/dt) [36]. The reversible capacity loss ΔC 

is obtained by means of (6). 

ΔC = [𝑆𝑂𝐶(𝑉𝑂𝐶1
) − 𝑆𝑂𝐶(𝑉𝑂𝐶2

)] ∙
𝐶

100
 (6) 

where VOC1 is the open circuit voltage measured at time 1, VOC2 

is the open circuit voltage measured after a given storage time 

(at time 2), and C is the cell capacity. 

Self-discharge presents different characteristics in the short 
and long term. In the short term (less than three weeks) the volt-
age decay is pronounced, while in the long term it is stabilized 
at very low self-discharge rates [37]. It is also known that self-
discharge is affected by temperature and SOC. Temperatures 
higher than 40 ºC and high SOC levels accelerate the self-dis-
charge of LIBs [36], [37].  

IV. EXPERIMENTAL SETUP 

The tests presented below are designed to quantify the deg-

radation of each battery. A non-invasive analysis of the LIBs is 

proposed for the measurement of capacity, internal resistance, 

and self-discharge. In all, the study encompassed the four bat-

teries mentioned in Section II-B (E1, E2, E3 and E4) together 

with two cells that were not taken to Antarctica, referred to as 

L1 and L2. Cells L1 and L2 have the same characteristics as the 

batteries used in the expedition but were stored at room temper-

ature at the Energy Storage and Microgrid Laboratory of the 

Public University of Navarre, safeguarding them from extreme 

weather conditions. In this way, the aging of E1 – E4 due to 

extreme weather can be quantified by comparing them to L1 

and L2. In order to compare the LIBs analyzed in this study 

(E1 – E4 4S4P batteries and L1-L2 cells), all the experimental 

results are presented and treated at cell level. 

The methodology consists in performing three charge-dis-

charge cycles at C/3 with voltage limits of 4.2 V and 3 V to ob-

tain the capacity. The charge process was performed by means 

of the well-known CC-CV protocol with a cut-off current of 

C/70. Moreover, the last cycle was used to perform an ICA and 

DV analysis to determine the state of the electrodes and to iden-

tify aging phenomena. Further to this, RDC and RAC were meas-

ured at each Δ 𝑆𝑂𝐶of 20 %. Furthermore, at each SOC three 

EIS measurements were taken in order to ensure repeatability, 

carefully removing and reinserting the battery/cell. The SOC 

variations were performed at a constant current of C/3, and a 

1 h rest period was established before the RAC measurement in 

order to ensure the electrochemical and thermodynamic stabili-

zation of the LIBs. A schematic representation of the complete 

test is presented in Fig. 3a.  

The RDC was measured through a 10 s current step. Further-

more, the AC internal resistance was measured by imposing a 

1 kHz sinusoidal signal on the batteries and recording the real 

impedance component. The frequency spectra of the EIS range 

from 50 mHz to 3 kHz. After ensuring repeatability of results, 

the data were subjected to the linear Kramer Kronig (KK) va-

lidity test by means of the free Lin-KK tool [38]. The inductive 

and diffusion phenomena were then subtracted in order to per-

form the DRT analysis using the DRT tools [39], a free 

MATLAB toolbox developed in [40], as represented in the 

flowchart of Fig. 3b. 

The quantification of the self-discharge is done by means of 

the method described in Section III-C. VOC was periodically 

measured by means of an ST-9959 multimeter. The first voltage 

measurements were taken two days after the batteries were 

charged to a 40 % SOC.  

 
Fig. 3.  (a) Schematic representation of the testing protocol. (b) Flowchart of the EIS testing protocol. 
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All the tests and measurements were carried out at the Energy 

Storage and Microgrid Laboratory of the Public University of 

Navarre, in an Ineltec INECC-30/300 climatic chamber at a 

controlled temperature of 25 ºC. All the charge and discharge 

processes were conducted via an AMREL SPS400X75-K12D 

source and an AMREL PLA7.5K-600-400 electronic load for 

E1 – E4, a Neware BTS4000 for L1 and L2, the data acquisition 

was accomplished by a YOKOGAWA WT1800 Precision 

Power Analyzer, as shown in Fig. 4. RAC was measured by 

means of a Fluke BT510 Battery Analyzer. The EIS tests were 

conducted using a Newtons4th Ltd PSM3750 in tandem with a 

BATT470m-200 current shunt. 

V. RESULTS AND DISCUSSION 

In this section a comparison is made between the parameters 

of the batteries deployed during the Antarctic expedition and 

those of the cells stored in the laboratory, unused and safe-

guarded from extreme weather conditions. Specifically, the sig-

nificant factors are capacity, impedance, and self-discharge. 

Similarly, by means of the capacity measurement in tandem 

with the ICA/DV analysis and the EIS interpretation using the 

DRT method, the aging mechanism are identified and indicators 

linked to hazardous dendrite growth can be detected. 

A. Capacity 

The measured cell capacities are shown in Fig. 5. For better 

comparability, these values were normalized to the average ca-

pacity of L1 and L2, which are the cells that were not taken on 

the expedition. This figure shows a capacity fade in the batteries 

used in the polar expedition of around 5 % compared to the cells 

kept in the laboratory. This capacity fade is in line with conclu-

sions from previous research studies that identify temperature 

variations as an LIB aging accelerator [41].  

Nevertheless, there is only a slight difference when compar-

ing the capacities of the four batteries used in the expedition, 

even considering E4, which was not used in the journey. There-

fore, capacity fade cannot be merely attributed to cycle aging, 

and instead seems to be mostly related to calendar aging. E2, 

which was kept at 100 % SOC during the expedition, shows the 

highest capacity fade. As published in previous research works, 

high SOC levels at temperatures under –20 ºC catalyze the side 

reactions enhancing LLI, thereby increasing the irreversible ca-

pacity fade [37]. E4 and E2, which were not cycled during the 

expedition, show a difference in capacity fade of 2.2 %. Hence, 

storing lithium batteries at a high SOC (100 %) could lead to 

accelerated aging. 

With regard to cyclability, E1 and E3 were cycled during the 

expedition less than 50 EFC at a current of less than 0.1 C. The 

difference in capacity fade between these two cells is minimal, 

being only 0.15 %. This value is lower than the standard devia-

tion observed in extensive cell testing studies, where values of 

0.16 – 0.22 % were reported [36], [42]. Therefore, the cycling 

profile seems to have a limited effect on aging at low currents 

and in frigid conditions. The capacity fade difference between 

the cycled batteries and the one stored at SOC=80 % (E4) is 

0.57 %, which is negligible.  

The reported results lead to the conclusion that calendar ag-

ing due to very high SOC has a more significant impact on ca-

pacity fade than cycling at very low currents in these frigid con-

ditions. Nevertheless, due to the reduced number of samples it 

is complicated to reach definite conclusions.  

In any case, the scope of this work is to propose a non-inva-

sive procedure to characterize battery aging, and asses the safe-

ness of reusing a battery. To this end, the capacity test serves to 

surmise the current state of the electrodes by virtue of ICA/DV. 

Fig. 6 shows the ICA and DV of the cells that were taken on, 

and used in the expedition to Antarctica and the ones stored at 

a temperature of 25 ºC. Fig. 6a shows the ICA during charge. 

Two major peaks are observed, hereinafter denoted as P1 and 

P2, respectively appearing at a voltage of 3.58 V and 3.72 V. 

 
Fig.5.  Normalized capacity of each battery. 
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TABLE I 
RESULTS OF IC AND DV 

 P1 P2 𝑄𝑎 𝑄𝑏 𝑄𝑐 

 
IC 

(Ah/V) 
V 

(V) 
IC 

(Ah/V) 
V 

(V) 
 

(p.u.) 
 

(p.u) 
 

(p.u.) 

E1 11.09 3.580 16.44 3.733 0.128 0.532 0.285 

E2 10.25 3.582 15.49 3.734 0.131 0.520 0.285 
E3 11.13 3.579 16.50 3.729 0.132 0.526 0.286 

E4 10.38 3.584 15.94 3.729 0.134 0.536 0.282 

L1 11.00 3.574 17.82 3.718 0.135 0.533 0.327 
L2 10.95 3.572 18.36 3.716 0.126 0.538 0.337 
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As summarized in Table 1 there is a minimal variation in the 

peak amplitude of P1 among the cells, the maximum difference 

being 0.75 Ah/V. Although, at first sight, the shape and location 

of P1 could reveal a correlation with the aging conditions. 

Fig. 6a shows that E1 and E3 are almost superposed, as well as 

L1 and L2. Note that E1 and E3 were cycled and L1 and L2 

were stored in the laboratory. E2 and E4 are also almost super-

posed. However, the intensity of P2 is clearly lower in the bat-

teries taken on the expedition. In the case of E2 the intensity of 

the peak was reduced by 2.87 Ah/V compared to L2, which cor-

responds to a reduction of 15.6 %. Both peaks were shifted to 

the right, P1 moved a maximum of 12.3 mV, 17.8 mV in the 

case of P2. This effect is well reported as being caused by an 

increase in the internal resistance [12], [14], [20], being in line 

with the results presented in the following subsections. 

Similarly, Fig. 6b shows the absolute value of DV during dis-

charge, for reasons of comparison the capacity has been nor-

malized to the one presenting a maximum value. The widths of 

Qa, Qb and Qc correspond to areas A, B and C in ICA respec-

tively. Note that, for correct visualization, Fig. 6a has been 

zoomed and the full voltage spectrum is not visible. 

From the results depicted in Table 1, it can be observed that 

Qc is lower in the batteries taken on the expedition, with the 

capacity linked to Qc having the maximum difference of 5.5 %. 

Nonetheless, Qa and Qb remain virtually invariant, recording a 

maximum variation of 1 % and 1.9 % respectively. Outwardly, 

since Qa and Qb remain almost constant there is no loss of active 

material on the anode and the capacity fade can be allegedly 

related to LLI. 

In the case of the cells studied in this paper, no peak growth 

associated with lithium plating is measured. In fact, P2 de-

creased by a maximum of 15.6 %, whereas in other studies it 

dropped to 20 % for a capacity fade of nearly 10 % [14]. There-

fore, no risk indicator is observed and assumedly the batteries 

were aged without a sharp increase in the lithium plating or LLI 

that could provoke dendrite growth. Nevertheless, it is of great 

relevance to analyze any possible dendrite growth. With this 

aim in mind, as detailed in the following subsections, a study 

on impedance has been conducted. An analysis of RSEI by means 

of the EIS makes it possible to identify the formation of passive 

films on the surface of plated lithium [18], an indicator of den-

drite growth. 

B.  Internal Resistance 

The internal resistance was analyzed using three different 

techniques: applying a current step to obtain RDC; single-point 

frequency technique to measure RAC at 1 kHz; and by means of 

the EIS. A detailed study of the effect that the use of LIBs under 

extreme cold weather has on the 1) RDC, 2) RAC and 3) Rohm is 

provided below. Moreover, the underlying aging mechanisms 

are inferred by means of a DRT analysis, which quantifies the 

4) RSEI increase.  

1) RDC – current steps: Fig. 7 shows the RDC measured as a 

function of SOC. The 30 % increase in resistance recorded by 

the batteries used in the expedition is noteworthy, given that it 

represents a higher degradation rate than the 5% reported in 

Section V-A based on capacity fade. 

2) RAC – single-point frequency technique: Fig. 8 shows the 

values of RAC measured at a frequency of 1 kHz as a function of 

SOC. Even though RAC shows no dependency on SOC, it is note-

worthy that higher degradation is measured in the batteries with 

more demanding use (E1 and E3). 

3) Rohm: The EIS spectra of all the batteries are illustrated in 

Fig. 9a for a SOC of 80 %. It can be seen that the impedances 

of the batteries used in the expedition are displaced to the right 

 

Fig. 7.  RDC measurements for different SOC values. 

(a) 

P1 

P2 

   B A C 

𝑄𝑎 𝑄𝑏 𝑄𝑐 

(b) 
Fig. 6.  (a) Results of IC analysis. (b) Results of DV analysis. 
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when compared to cells L1 and L2. That means, that the real 

part of the impedance has risen due to an increase in ohmic re-

sistance. This issue has been reported to be related to the de-

composition of the electrolyte and, therefore, to LLI [33]. Low 

temperatures induce an increase in the viscosity of the electro-

lyte, reducing its ionic conductivity, and hindering the ionic in-

tercalation in the graphite layers. The metallic lithium plating 

on the anode surface is highly reactive to the electrolyte, 

thereby consuming lithium inventory form the electrolyte. The 

irreversible loss of the electrolyte results in a reduction in ionic 

conductivity [21], causing an increase in Rohm. 

The Rohm of each battery as a function of SOC is presented in 

Fig. 9b. As in the case of RAC, Rohm remains constant between 

the maximum and minimum SOC. There is a substantial differ-

ence close to 7.5 mΩ between the ohmic resistance of the LIBs 

stored in the laboratory and the ones taken on the expedition. 

The EIS test permits the study of the frequency that produces 

an ohmic response of the battery. In this regard, Fig. 9c shows 

the measured characteristic frequency. From Fig. 9c, it can be 

observed that frequency decreases with aging, while the imped-

ance increases. The frequency of L1 and L2 ranges between 

400 – 450 Hz, whereas the ohmic resistance of the expedition 

batteries has a frequency range of 200 – 250 Hz.  

4) RSEI: The DRT method is used to identify electrochemical 

phenomena measured by the EIS test. Fig. 10a shows, as an il-

lustrative example, the DRT analysis of L1. Three clear phe-

nomena with different time constants can be identified. The 

area covered by the blue rectangle, embracing frequencies close 

to 70 Hz, is attributed to the SEI, as explained in Section III-B. 

In line with previous literature [30], no significant variations of 

these phenomena are found for the entire SOC range. The red 

rectangle, with frequencies ranging between 4 and 10 Hz, is at-

tributed to the charge transfer at the anode due to the reduction 

in the characteristic frequency observed for low SOC. Finally, 

the peaks located in the black rectangle can be attributed to the 

charge transfer at the NCA cathode. Its frequency ranges from 

0.2 to 1.8 Hz, in accordance with previous reports [30]. 

As reported in the literature, plated lithium on the anode re-

acts with the electrolyte forming a new SEI film that covers the 

surface of the plated lithium [21]. SEI impedance is known to 

be a sum of the thickness, the morphology and the chemical 

composition of the SEI layer [43]. Hence, a deposition of inac-

tive material on the SEI should be noticeable in the EIS spectra 

at high frequencies. The phenomenon linked to RSEI is quanti-

fied by means of the DRT as the peak value identified at the 

frequency range of 40 – 70 Hz. 

Fig. 10b shows the RSEI values for the six batteries at five 

SOC levels. No significant variation between the LIBs is found, 

even though E4 presents the lowest impedance and L2 the high-

est. The lack of an increase in the impedance of the cycled cells 

denotes that no lithium plating has occurred, and that dendrite 

growth has been avoided. In fact, the impedance variation be-

tween E4, L1 and L2 could be attributed to the storage temper-

ature. Higher temperatures increase SEI layer thickness [44], 

whereas cycling at freezing temperatures promotes lithium plat-

ing and dendrite growth. 

In order to assess the safety of LIBs due to dendrite growth, 

our results were compared to previous studies. Where an in-

crease of almost 2.5 times in the SEI impedance was observed 

without entailing a risk at high temperatures [31]. Similarly, a 

study performed at low temperatures reported a variation in the 

RDC of up to 2 times, following a study of the SEI growth in a 

post-mortem analysis at a microscopic level in opened cells 

[21], precluding direct comparison. With regard to the cells 

 
Fig. 8.  RAC measurements by means of the single-point frequency technique. 

Fig. 9.  (a) EIS results for the six batteries for a SOC of 80 %. (b) Rohm measurements for different SOC values. (c) Characteristic frequency of Rohm for differ-

ent SOC values. 

(

a) 
(

b) 
(c) (a) (b) 
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studied in this paper, no increase in the RSEI impedance was ob-

served and the RDC only increased by 30 %. Hence, it can be 

concluded that no clear indicator of lithium plating causing den-

drite growth can be inferred. The results obtained in this sub-

section are in line with those obtained from the ICA/DV analy-

sis. Therefore, no hazardous indicator can be observed, and 

seemingly the batteries can be safely used in future expeditions. 

Fig. 10c shows the SEI characteristic frequency of the batter-

ies. At first sight, a significant difference in the frequencies be-

tween the batteries that were used during the expedition and the 

ones stored in the laboratory can be seen. With regard to the 

batteries that were taken on the expedition, E2 and E4, which 

were hardly used, have similar frequencies, while E1 and E3, 

which had similar profiles, also present similar frequencies. 

Typically, degradation models based on EIS have used varia-

tions in resistance as an indicator of the aging mechanisms. 

However, the results shown in this work suggest that variations 

in the characteristic frequency of Rohm and RSEI could be used 

for state of health (SOH) estimation. Interesting research ques-

tions for future investigation can be derived from this observa-

tion. 

C. Self-discharge 

Fig. 11 shows the SOC decay of each cell over 13 weeks of 

storage. From this data, self-discharge can be divided into short-

term and long-term. The border between them can be seen to be 

around 20 days, in line with previous studies [37]. 

The long-term self-discharge of all batteries is virtually the 

same, with a value of 0.008 % per day. However, the batteries 

used in the expedition had a lower short-term self-discharge 

(0.015 % per day) than those stored in the laboratory (0.0265 % 

per day). For the sake of comparability, a linear dependency of 

the self-discharge and the storage time has been included in 

Fig. 11 both for short- and long-term. Dashed lines have slopes 

of – 0.015 % and – 0.008 % per day for short and long term, 

respectively for E1 – E4. L1 and L2 lines differ from the previ-

ous ones, having slopes of – 0.0265 % per day in the short term 

and – 0.0088 % per day in the long term. 

Due to the reduced amount of data, it is not possible to put 

forward a justification of the difference in the short-term 

self-discharge. However, there are two main reasons that could 

explain this behavior. The first is based on the fact that the self-

discharge decreases as the capacity fades. As proposed in a pre-

vious publication [45], self-discharge can be expressed in terms 

of SOH, temperature and SOC. In our study the cells were 

stored at the same SOC (40 %) and same temperature (25ºC). 

Thus, the difference can only be explained by the difference in 

the SOH. The second presumption is based on the fact that, dur-

ing storage at frigid temperatures, the reactions causing calen-

dar aging are slowed down [46]. Given that the side reactions 

leading to calendar aging are linked to self-discharge, after a 

long exposure to freezing conditions, the kinetics of the side 

reactions may have been permanently slowed. 

VI. CONCLUSIONS 

This paper presents a non-invasive analysis of the operation 

of commercial lithium-ion batteries used in the WindSled Pro-

ject during a 52-day expedition with temperatures down to –

50 ºC. Hence, the feasibility of using LIBs with an improved 

electrolyte under extreme frigid conditions with no heating has 

been demonstrated. The degradation of these batteries during 

the expedition is characterized in this study. The capacity is re-

ported to fade by 5 % and LLI has been identified as being the 

main mechanism responsible for this. Furthermore, from the in-

terpretation of the ICA/DV analysis and DRT method, no clear 

indicator related to lithium plating causing dendrite growth has 

been detected. These results indicate that the batteries can 

safely be re-used.  
 

Fig. 11.  Self-discharge along days on storage. 

Fig. 10.  (a) DRT results for L1. (b) RSEI measurements for different SOC values. (c) Characteristic frequency of RSEI for different SOC values. 

 

 

(a) (b) (c) 
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Finally, a 43 % decrease in the self-discharge of the cells 

taken on the expedition was reported independently of the cal-

endar or cycle aging. The identification of the cause of this 

self-discharge decrease is highlighted as a relevant area for fu-

ture investigation. 
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