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Abstract

:

A wide variety of commercial cylindrical lithium-ion batteries are available for use in nanosatellites (CubeSats) that cycle in low Earth orbit (LEO). This space application differs greatly from the conditions used to create the manufacturer datasheets that CubeSat teams rely on to screen cell types and estimate performance lifetimes. To address this, we experimentally test three LIB cell types using a representative LEO CubeSat power profile in three progressively complex test representations of LEO. The first is “standardized” condition (101 kPa-abs, 20 °C), which uses only a power cycler; the second adds a thermal chamber for “low temperature” condition (101 kPa-abs, 10 °C); and the third adds a vacuum chamber for “LEO” condition (0.2 kPa-abs, 10 °C). Results indicate that general “standardized” and “low temperature” conditions do not yield representative results to what would occur in LEO. Coincidentally, the “LEO” condition gives similar capacity degradation results as manufacturer datasheets. This was an unexpected finding, but suggests that CubeSat teams use full experimental thermal-vacuum testing or default to the manufacturer datasheet performance estimates during the lithium-ion cell screening and selection process. The use of a partial representation of the LEO condition is not recommended.
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1. Introduction


Lithium-ion battery (LIB) performance and cycle life are affected by operating characteristics such as pressure, temperature, change in state of charge (ΔSoC) per cycle, and power profile. CubeSats (repeat units of 10 × 10 × 10 cm, and typically less than 1.33 kg, for a 1U chassis) are a popular nanosatellite class that have become increasingly capable and cost-effective [1,2], in-part due to the development and quality production of commercial off the shelf LIB [3,4,5]. While conventional manufacturer testing conditions at 101 kPa-abs, 25 °C, 100% ΔSoC per cycle, constant current (CC) C/2 charge and 1C discharge, are used to create datasheets, it is expected that a LIB will yield a different performance when it is operated in the CubeSat application. This makes it difficult to estimate the potential CubeSat mission duration length without extensive life cycle testing.



Dubarry and Devie [6] show that for a given cell design (format, chemistry), cycle life is impacted in a non-linear fashion at different ambient temperatures (+25, +35, +45 °C), discharge rates (1, 2, 3C) and ΔSoC per cycle (5, 40, 70%). Each change contributes to a variety of degradation mechanisms (e.g., lithium plating, current collector corrosion, solid electrolyte interface formation, micro-cracking, gas evolution). Ma et al. [7] summarize that, as the LIB temperature decreases, the viscosity of the electrolyte increases, consequently increasing the lithium-ion concentration at the active material surface which results in lithium plating during charge. As the LIB temperature increases, degradation mechanisms predominantly take the form of electrolyte decomposition, positive active material (PAM) breakdown in crystallographic structure, binder migration to the negative active material (NAM) surface and solid electrolyte interface growth, all of which irreversibly reduce capacity and impede lithium-ion transfer due to an increased internal resistance [7,8,9].



Due to the non-linearity of LIB degradation, data-driven models that use end of discharge voltage to estimate spacecraft end of life (EoL) have been proposed by Song et al. [10]. By utilizing end of discharge voltage, the spacecraft does not need to undergo 100% ΔSoC capacity reference cycles in order to estimate EoL failure. This technique allows continual mission operation while giving insights to EoL beyond that of generic reference cycling. The non-linearity of LIB degradation inspired Fermín-Cueto et al. [11] to integrate machine learning in order to quantify EoL conditions. Utilizing machine learning, Fermín-Cueto et al. [11] can predict the point at which non-linear degradation initiates (the knee-onset) and when accelerated degradation begins (i.e., the knee-point) with a 12.0% and 9.4% error, respectively, using information from the first 50 cycles. The machine learning prediction model dataset was taken from Severson et al. [12] which utilizes 124 commercialized APR18650M1A graphite||LFP (lithium iron phosphate) cells cycled over a 100% ΔSoC range from 1C to 20C. The data reveal that in all cases, linear degradation occurs at beginning of life (BoL) until the knee-onset, after which degradation rates increase until EoL.



Lami et al. [13] identify power management methods to maximize cycle life. This power management process provides LEO satellite teams a method to improve the lifetime of their satellite in LEO. However, prior to implementing power management techniques, engineers must screen through available battery technologies for a design that meets their desired cycle life and performance specifications, all while minimizing on-board volume and mass.



Krause et al. [14] completed performance testing of the NCR18650B cells for the MarCO A & B CubeSat missions at 0, 20 and 30 °C. Cells were cycled at C/5 (0.58 A) CC rates, in 8S groupings, over the full 100% ΔSoC range, with a taper current terminating at 60 mA constant voltage (CV) charge. Cycle life testing showed that initial discharge capacity was reduced by 16%, and the capacity degradation rate was more than doubled at 0 °C relative to 30 °C. Internal resistance measurements were completed at 20% SoC increments on cells at 0 and 20 °C, revealing that cells cycled at 0 °C had a 70% higher initial internal resistance, achieving three times the internal resistance growth rates compared to cells in the 20 °C condition. Cells were also assembled into 3S4P groups, to represent the 6U MarCO CubeSat battery size, and cycled at various CC discharge rates (C/20, C/10, C/5, C/3, C/2, 1C) and C/10 charge rate at 0 °C. Results indicated an initial 31% reduction in total discharge energy at 1C relative to the C/20 discharge rate. Bugga et al. [15] tested five different 18–65 cells (LG M36, LG MJ1, Panasonic BJ, Samsung 35E, Sony VC7) for space applications that varied in PAM (nickel cobalt aluminum—NCA or nickel manganese cobalt—NMC) and electrode sizing. Cells were cycled over 100% ΔSoC at C/5 in 20 °C and showed that the LG MJ1 achieved the best capacity retention after 500 cycles (92%), whereas the Sony VC7 achieved the worst capacity retention (87%). The results by Krause [14] and Bugga [15] exemplify the variance in measured cell performance at various rates, temperatures and cell types. However, Krause [14] and Bugga [15] both test cells for space applications using standard CC charge techniques which are not realistic to what occurs in the application. Work by Lee et al. [16] reported cycle testing on LIB for LEO CubeSats, accounting for a 35-min eclipse and 55 min solar exposure period demonstrating the effects of larger ΔSoC per cycle and higher charging rates. Again, this work utilizes both constant current to voltage charge (CC-CV) charging and CC discharging for each LEO which is not realistic to the application.



The above literature review provides CubeSat teams with an understanding of the effect of various temperatures, cycling rates and ΔSoC range impact LIB performance in order to optimize battery cycle life [6,7]. Power management and end of discharge voltage techniques are also described which can aid existing satellites in determining satellite end of life and possibly extending the EoL horizon [10,11,12,13]; however, this does not aid in the design of a CubeSat battery system. Extensive experimental testing of high quality LIB for LEO space applications was presented [14,15,16] and provides engineers a reference for determining the best available LIB for CubeSat applications, however cycling rates and power profiles are not representative of what would occur in LEO. Although the research above is useful, they do not aid CubeSat engineers in screening and selecting a battery to meet their mission requirements. In this article we expand upon the literature and make original contributions by comparatively testing a variety of lithium-ion cells with different positive electrodes instead of only one type, and by applying a specific cycling profile that is representative of the LEO satellite application instead of standardized CC-CV cycles.



When screening and selecting a battery for a LEO CubeSat mission, the first step is to examine cell manufacturer datasheet performance (e.g., energy density, specific energy, cycle life, operating temperature, maximum charge or discharge currents, etc.). The manufacturer datasheet provides initial screening for engineers to contrast available technologies and choose a cell that meets their power requirements and mission durations, while not exceeding the mass and volume limitations of the CubeSat specification. However, the LEO conditions (pressure, temperature) and power cycling profile is different than datasheet conditions, thus performance relative to the CubeSat application is unknown. Our objective is to contrast performance of popular LIB cells in a CubeSat application (accelerated LEO cycle, 0.2 and 101 kPa-abs, 10 and 20 °C) with that of manufacturer datasheets (CC, CV, 101 kPa-abs, 25 °C) to determine performance expectation relationships. The accelerated LEO cycle completes one discharge and charge (i.e., orbit) at three times the rate of an actual LEO. Even with the expedited cycling regime, it still takes approximately 1 year to conduct performance degradation testing and requires expensive battery testing equipment with several battery cycler channels. Both the time requirement and economic cost of this testing make it impractical for many CubeSat teams.



This power profile and the chosen test conditions represent the range of available conditions a university CubeSat team would be able to replicate and will give them guidance as to which conditions are useful when testing batteries for LEO. The outcomes of this research provide novel insight to teams conducting preliminary screening and selection of battery technologies based on manufacturer specifications sheets to meet their varied CubeSat performance requirements and mission lengths.




2. Method


Three different LIB 18–65 cylindrical cell types were configured into separate groups and placed into cycling tests representing the LEO application. Three different and increasingly complex test conditions provide a range of pressure and temperature used to validate a LIB for CubeSat flight. The experimental conditions and test setup are discussed and illustrated. LEO testing and reference schedules are discussed with corresponding C-rates presented.



2.1. Lithium-Ion Battery Cells


The cells used in this study are:




	
Panasonic NCR18650B with graphitic NAM and a PAM composed of nickel cobalt aluminium (hereafter this cell type is referred to as “NCA”).



	
LG Chem ICR18650B4 with graphitic NAM and a PAM composed of nickel manganese cobalt (subsequently referred to as “NMC”).



	
A123/LithiumWerks APR18650M1B with graphitic NAM and a PAM composed of lithium iron phosphate (subsequently referred to as “LFP”).








The NCA cell type has flight heritage [14] and similar cells to the NMC cell type are being considered by NASA [3]. Recent research showed that LFP can yield much longer cycle life and total discharge energy throughput in LEO applications, making this cell type a good potential candidate for future research [17]. Each cell is of the 18–65 (18 mm diameter and 65 mm length) cylindrical format and has a unique combination of PAM, NAM and electrode sizes, resulting in a diverse range of operating voltages, cycling rates and cycle life, as specified by the manufacturer datasheets and summarized in Table 1.



In addition to the specifications found in Table 1, a detailed description and measurements of these cells, based on dissection and scanning electron microscopy, to quantify the electrode sizes, PAM stoichiometry and NAM particle size can be found in Cook et al. [17,21].



A batch of 30 cells from each type (NCA, NMC, LFP) were procured, nine of which were used as test cells from each cell type, for a total of 27 test cells. Each test cell was verified to be within 1% of initial mass, internal resistance, discharge capacity, energy efficiency and as-received open circuit voltage of its respective batch population mean, so as to ensure outliers were not utilized.




2.2. Experimental Conditions and Test Setup


The experimental setup diagram is shown in Figure 1, with a photo of the actual experimental setup presented in Figure 2. The three test conditions are progressively more complex, changing one parameter sequentially.



	
Standardized condition (101 ± 1 kPa-abs, 20 ± 1 °C). The standardized condition provides new information on LIB performance and capacity degradation while subject to a CubeSat power profile. Such testing requires only a programmable commercial battery power cycler, making it the first stage of LEO cycle testing that a CubeSat team could achieve. The laboratory is served by a dedicated tight-tolerance heating/cooling system. Cells are connected to a Neware BTS-5V50A power cycler that applies a varying power LEO cycle that discharges and charges the cell. The cycler has eight channels each rated 0–5 V and ±50 A with type T thermocouple temperature sensors. Accuracy: ± 5 mV, ± 15 mA, ±1 °C.



	
Low temperature condition (101 ± 1 kPa-abs, 10 ± 0.1 °C). A temperature of 10 °C coincides well with the observed average temperature in LEO [22]. This low temperature condition requires both a programmable thermal chamber (cooling mode) and battery power cycler to complete. The addition of a thermal chamber substantially increases the technical requirements and financial cost of the testing. The thermal chamber is a Cincinnati Sub-Zero CSZ-32 (0.9 m3) rated −73 °C to +190 °C with accuracy of ±0.1 °C.



	
LEO condition (0.2 ± 0.1 kPa-abs, 10 ± 0.1 °C). The vacuum present in LEO is approximately 10−9 kPa-abs [23]. This LEO condition at 10 °C best emulates the LEO conditions experienced by CubeSat batteries, however it is the costliest condition and is likely only achievable by professional CubeSat teams. We constructed a custom clear vacuum chamber, as shown in Figure 2. The vacuum pump achieves 0.2 kPa-abs which is 99.8% of the vacuum in LEO. Other researchers have also opted for near 0.2 kPa-abs for testing [24,25,26,27].






In LEO, a CubeSat would transfer heat between itself and the environment through radiation and internally between components through conduction. However, because a battery is concealed inside the satellite, it is insulated from the majority of radiative effects, this would suggest that heat transfer from the battery is mostly through conduction on a LEO satellite. Cook [21] evaluated the thermal characteristics of the apparatus in Figure 2. The results indicated that more than 80% of total heat transfer from the batteries in the LEO condition was through conduction, suggesting that heat transfer characteristics of the experimental setup in Figure 2 and that found in LEO are similar. We do note however that unique satellite designs will alter heat flux paths and rates and this can influence the results to some extent.



Cells of a given type were grouped three-in-parallel (3P) for LEO CubeSat cycling to represent a typical 2U sized CubeSat battery pack. Three groups of each cell type were used, one group for LEO cycling in standardized condition (101 kPa-abs, 20 °C), one group for cycling in low temperature condition (101 kPa-abs, 10 °C), and one group for cycling in LEO condition (0.2 kPa-abs, 10 °C).



Tests used independent current taps and voltage sense taps. A 24-gauge type T thermocouple was adhered to the side of each cell, with a small piece of insulating tape placed over it (5 × 5 mm), as shown in Figure 3. All cell groups remain in their respective holder throughout all tests. The cell group electrical connection was 3P for LEO cycling, and then cells were electrically reconfigured to 1P for reference capacity testing. This allowed for inter-cell deviations to be identified; if they are small compared to difference due to test conditions, then this lends confidence to the findings.




2.3. Test Schedule


The cell groups were subjected to a representative LEO cycle consisting of constant power (CP) discharge and sinusoidal power charge. Prior to the first LEO cycle the cells are fully charged individually and then 3 cells are placed electrically in parallel (3P). Only the middle cell temperature was monitored during LEO cycling due to limited temperature sensor connections on the Neware power cycler.



To emulate use in a CubeSat application, all cell groups experience the same LEO cycle discharge and charge profiles. Consequently, the lowest rated capacity cell group must be used to define the LEO cycling parameters. At BoL a maximum state of energy (SoE) of 90% was selected to extend the operating life, and a minimum SoE of 30% was selected to provide sufficient reserve to account for capacity degradation of 20% or more before a failure to complete the cycle occurs. This leads to a ΔSoE of 60%, which when using the rated energy capacity of LFP given in Table 1 in 3P configuration, is 6.53 Wh. All cell groups, regardless of chemistry, had exactly 6.53 Wh discharged on each LEO discharge, leading to unique ΔSoE and rates for each cell group given in Table 2 because of their varied rated energy capacities.



An actual LEO takes 90 min to complete, with an eclipse time of 35 min. For this experiment, a 3X accelerated LEO cycle of 30 min (1800 s) was used to expedite testing while ensuring cells were cycled within limits of manufacturer charge/discharge rates. We note that this test acceleration increases the electrical current, which will lead to greater heat loss and raise the cell temperature to some extent, but the impact on degradation is expected to be low [28]. The LEO cycle begins with a 700 s CP discharge (33.6 W; 11.2 W/cell) followed by 1100 s of sinusoidal power charge profile to imitate a fixed photovoltaic array orbiting Earth peaking at 33.6 W (11.2 W/cell). If the charge cut-off voltage is achieved prior to the full 1100 s, charge is stopped, and the cell group enters rest mode for the remainder of the 1100 s period. This test schedule differs from that recommended by the European Cooperation for Space Standardization, in that it uses CP discharge and a varying power charge [29].



Reference cycles were completed after every 480 LEO cycles in the same ambient conditions as the specification sheet (101 kPa, 25 °C) to obtain a discharge capacity measurement for direct comparison with manufacturer datasheets. During reference cycles the cells were tested individually (1P), including temperature measurement, to identify inter-cell deviations of a group, producing a minimum, median, and maximum value for each cell group. This is intended to give confidence to the findings if the inter-cell deviations are small and provides a clear ability to distinguish between inter-cell performance and the cell type in each condition. Reference cycles were carried out at 101 kPa-abs, 25 °C using CC discharge and CC to CV charge, in accordance with the voltage ranges and C-rates given in Table 1. Three reference cycles were repeated, with the first to recover from LEO cycling, the second to thermally acclimate the cells, and the third to obtain results. After reference cycles, the cell group was electrically placed in 3P, positioned at 90% SoE and then LEO cycling was reinitiated. Detailed descriptions of the entire cycle and strategy, including justification of the LEO and reference cycles are given in Cook et al. [17,21].





3. Results


The average cell operating temperature in the standardized, low temperature, and LEO condition are presented and related to degradation effects such as lithium plating and electrolyte degradation. Coulombic capacity degradation results are contrasted with expected manufacturer cycle life metrics. Due to similarities in LFP coulombic capacity degradation between each condition, end of discharge voltage analysis is performed to identify performance differences between LFP cell types in each of the three conditions.



3.1. Operating Temperature


Manufacturer specification sheets are based on cell testing conducted in thermal chambers that tightly control cell temperature to a reference of 25 °C. In contrast, test cells in the LEO cycle experience CP discharge followed by sinusoidal power charge in unique temperature and vacuum conditions. The latter greatly affects the convection rate. The average cell temperature during LEO cycle operations is presented in Table 3. In general, the LFP cell operates at a lower temperature than the NCA and NMC cells, which are very similar. This is because the LFP cell type is a higher power cell design, with lower internal resistance. In standardized condition the operating temperature of 31–37 °C is significantly higher than the reference temperature of the manufacturer specification sheets, due to the relatively high power and natural convection cooling. Higher temperature is known to reduce internal resistance and the potential for lithium plating, but increases degradation of the electrolyte and solid electrolyte interphase layer growth. In the low temperature condition, cells are placed inside a thermal chamber with circulating fans, and so experience a high convection rate. As such they experience a temperature delta of only 7–8 °C and are operating cooler than the manufacturer reference temperature. Colder temperatures increase the internal resistance and potential for lithium plating, especially at higher charge rates. In the LEO condition, the very low convection rate leads to high temperature deltas and a temperature of operation at 23–27 °C. Interestingly, this straddles the reference temperature of 25 °C used by manufacturers in conventionally rating their cells (i.e., Table 1), suggesting that LIB cells operating in LEO experience similar internal thermal conditions to manufacturer testing.




3.2. Coulombic Capacity Degradation


The coulombic capacity degradation of each cell type (NCA, NMC, LFP), in each condition (standardized, low temperature, LEO), is contrasted with the manufacturer specified cycle life. There are two main distinctions when comparing experimental results from the LEO cycling to the manufacturer specifications. The first distinction is that the LEO cycle has a CP discharge and sinusoidal charge profile, whereas the manufacturer specification cycle uses CC discharge and CC-CV for cycle life testing. The second distinction is the partial ΔSoE per LEO cycle relative to the 100% ΔSoE per manufacturer cycle. These two main cycling conditions, combined with the different ambient pressures and temperatures employed in each of the three experimental conditions, result in various cycle life performances relative to the manufacturer specified cycle life.



The experimental discharge coulombic capacity, with respect to equivalent cycles of the initial measured coulombic capacity of all three cell groups, in all three conditions, are contrasted with the manufacturer rated cycle life in Figure 4. The top plot presents the NCA and NMC cell results, and the bottom plot the LFP results, due to substantially different respective lifetimes. Note that data points marked with a ‘X’ indicate the point at which the cell group failed during LEO cycling. Absence of an ‘X’ indicates the cells are still operational at the time of this article (October 2020). Range bars are added to each data point to represent the minimum and maximum cell of each group, with respect to the coloured median cell datapoint. All capacity data were obtained from a reference cycle with the span between reference cycle data points at 480 accelerated LEO cycles.



For the NCA cell type the sinusoidal charge ranges in rates from 0.55 to 0.93C, whereas the manufacturer specified cycle life specifies a standard CC 0.5C charge. This difference in charge rates makes the LEO sinusoidal charge more aggressive at inducing cell degradation. The LEO cycle CP discharge rate and manufacturer specified CC rates are, respectively 0.93 and 1C, thus minimal change in cycle life degradation is to be expected from this difference in discharge rates. The 18% partial ΔSoE attained in the LEO cycle at BoL (see Table 2) improves cell cycle life with respect to the manufacturer specified cycle life.



Inter-cell differences in the low temperature condition are smaller than inter-group differences in the LEO condition which clearly emphasizes the difference in performance. However, there is overlap between inter-cell and group performance in the standardized and LEO conditions, hence differentiation between the two conditions is less observable by this method. Figure 4 (top) shows the standardized NCA group achieved 218 equivalent cycles with 80% capacity remaining, slightly underperforming relative to the manufacturer cycle life specification (250 cycles). The difference in cycle life is attributed to the benefit from a lower operating ΔSoE being outweighed by electrolyte degradation, and active material breakdown, due to the high average cell temperature (36 °C). The low temperature condition NCA group experienced a significantly reduced cycle life (178 equivalent cycles with 80% capacity remaining) relative to the manufacturer specified cycle life. This is attributed to the increased charge rate, combined with the lower average cell operating temperature (18 °C), causing degradation that significantly outweighs the benefit of cycling at a partial ΔSoE. As a result of the lower cell temperature, the low temperature condition NCA group ionic conductivity in both the electrolyte and active materials has decreased, consequently increasing degradation from mechanisms such as lithium plating when charging. The LEO NCA group achieved an average operating temperature of 27 °C, which is between both the standardized (36 °C) and low temperature (18 °C) condition. Consequently, it may be expected that the LEO NCA group would achieve a cycle life between the standardized and low temperature condition cycle life. However, Figure 4 (top) demonstrates the LEO NCA achieved the best performance with 264 equivalent cycles at 80% capacity remaining, performing similarly to the manufacturer specification. This finding reveals that in the LEO condition, the aggregate degradation mechanisms due to a lack of ionic conductivity during charge (e.g., lithium plating) attained at low temperatures, and side reactions from electrolyte and active material breakdown at higher temperatures, are minimized. Beyond the 80% capacity remaining dashed line, both standardized and LEO NCA groups diverge with respect to their capacity retention, emphasizing the difference in contributing degradation mechanisms.



The NMC cell type LEO cycle sinusoidal charge ranges in rates from 0.71C to 1.20C whereas the manufacturer specified cycle life highlights a standard CC 0.5C charge. This difference in charge rate makes the LEO sinusoidal charge profile more aggressive at inducing cell degradation. The LEO cycle CP discharge rate and manufacturer specified CC rates are, respectively, 1.2 and 0.2C, thus additional degradation on discharge during LEO cycling is to be expected. As the highest cell temperature occurs on discharge, increased discharge rates will increase degradation due to high temperature mechanisms such as electrolyte decomposition, SEI growth and active material breakdown. The 23% partial ΔSoE attained in the LEO cycle at BoL (see Table 2) improves cell cycle life with respect to the manufacturer specified cycle life.



The inter-cell differences in each condition are a smaller than inter-group differences which clearly emphasizes the difference in performance between each condition. Figure 4 (top) shows the standardized NMC group cycle life (755 equivalent cycles with 80% capacity remaining) achieved ~2.5 times the manufacturer specified cycle life (300 cycles). The improved cycle life is attributed to the benefit from a lower operating ΔSoE, outweighing the burden of a higher cycling rates at the average 37 °C operating temperature. The low temperature condition NMC group experienced the worse cycle life (230 equivalent cycles with 80% capacity remaining) relative to the manufacturer specifications. This is attributed to the charge and discharge rate degradation outweighing the benefit of the partial ΔSoE at the 18 °C average cell temperature. Due to the lack of convective heat transfer present in the LEO condition, the NMC group warmed to an average 27 °C, hence operating at a temperature midway between the standardized and low temperature conditions. The LEO NMC group achieved similar cycle life to that of the manufacturer specification, obtaining 324 equivalent cycles with 80% capacity remaining. This can be attributed to the aggregate burden of the higher cycling rates, with the benefit of a partial ΔSoE producing a near null effect on cycle life. As the warmest operating condition (i.e., standardized) minimizes low temperature degradation (e.g., lithium plating), without undesirably increasing degradation as a result of side reactions at warmer temperatures, the NMC cell type degradation is evidently dominated by the occurrence of cold mechanisms such as lithium plating in the low temperature and LEO testing conditions.



Both NCA and NMC cell types varied significantly between each experimental condition with respect to their coulombic capacity degradation trend and 80% coulombic capacity retention cycle life. From BoL to EoL, the range bars increase, showing that the minimum and maximum intercell group capacity is a function of degradation. NCA cell types clearly have higher linear degradation rates than NMC cell types at BoL. However, by EoL, NMC cell types experience a knee-onset and knee-point failure, exceeding the degradation rate of the NCA cells.



For the LFP cell type, the LEO cycle sinusoidal charge ranges in rates from 1.84 to 3.09C, whereas the manufacturer specified cycle life highlights a standard CC 1.0C charge. This difference in charge rate makes the LEO sinusoidal charge profile more aggressive in inducing cell degradation from lithium plating. The LEO cycle CP discharge rate and manufacturer specified CC rates are, respectively 3.09 and 1.0C, thus additional degradation on discharge is to be expected. The 60% partial ΔSoE attained in the LEO cycle at BoL (see Table 2) improves cell cycle life with respect to the manufacturer specified cycle life.



Similar to the NCA cell type, LFP inter-cell differences in the low temperature condition are smaller than inter-group differences with the LEO condition, while greater inter-cell differences occur between the standardized and LEO condition. Figure 4 (bottom) shows the LFP group in all three conditions, degraded at a similar linear rate for the first 1000 equivalent cycles with no significant differences present when considering the scale of each range bar. The standardized LFP group cycle life (2271 equivalent cycles with 80% capacity remaining) achieves approximately half that of the manufacturer specified cycle life (4000 cycles). The decreased cycle life is attributed to the benefit from a lower operating ΔSoE being outweighed by the burden of higher cycling rates achieved in the LEO cycle. By extrapolating, the low temperature LFP group experienced improved cycle life (3099 equivalent cycles with 80% capacity remaining) relative to the standardized condition, however it is still less than the manufacturer specified cycle life. The increase in cycle life from the warmest cell in the standardized condition (average 31 °C) to the coldest cell in the low temperature condition (average 17 °C) delivered significant increases in cycle life (+Δ828 equivalent cycles). This indicates that the leading source of degradation in the LFP cell type is from high temperature degradation mechanisms (e.g., active material breakdown, electrolyte decomposition, migration of binder to NAM surface), as opposed to low temperature degradation mechanism (e.g., lithium plating). As LFP degradation is mostly a function of warm temperature mechanisms, discharging rates are likely the main source of degradation as this is when the peak cell temperature is achieved during the LEO cycle, see Cook et al. [17]. The LEO LFP group warmed to an average 23 °C and achieved a marginally greater cycle life to that of the standardized condition, obtaining 2309 equivalent cycles with 80% capacity remaining. The LEO LFP group operated at an average of 6 °C warmer than the low temperature group, thus it is estimated that in order to minimize degradation due to warm operating temperatures in the LEO cycle, the average cell temperature must be kept below 20 °C for the LFP cell type. In all three conditions (standardized, low temperature, LEO), the LFP group failed to achieve manufacturer specified cycle life due to the increased cycling rates outweighing the benefit of the LEO cycle partial ΔSoE, however, their degradation is trending towards a plateau at approximately 75% which is near manufacturer specified performance. It should be noted that range bars are increasing for each LFP group, however not to the extent experienced in the NCA and NMC cell types.



In all three conditions, degradation for each LFP cell at BoL degrades at a relatively linear rate until 1000 equivalent cycles (~90% capacity remaining), and subsequently decelerates in degradation until the end of test at ~80% capacity remaining. This finding is contrary to that of Severson et al. [12], which only showed cases of accelerated degradation (i.e., knee-point) until ~88% capacity remaining. Interestingly, the graphite||LFP cells used by Severson et al. [12] (APR18650M1A) are the earlier model of the cells used in this study (APR18650M1B). This finding once again highlights the importance of testing cells in their partial ΔSoC application as opposed to a 100% ΔSoC in order to accurately quantify degradation performance that is expected in the true application. Although a knee-onset has yet to occur in the LEO cycled LFP cells, as these cells are still operational, the knee-onset and knee-point may occur with increased degradation.



In summary, each cell type achieved its best cycle life in different conditions. The corresponding equivalent cycles at 80% capacity remaining is presented in Table 4, for each cell type and condition, with the highest performing condition per cell type highlighted.




3.3. End of Discharge Voltage Analysis


LFP cells in all three conditions have similar capacity degradation (±1%), with the same total discharge energy throughput. All LFP cells are still operational at the time of writing this article. Thus, the EoL discharge throughput energy and LEO cycle count is unknown. However, the similarity in capacity degradation curves in Figure 4 (bottom) lacks resolution to ensure that testing the LFP cell type in the colder temperature condition will yield better LEO cycle count compared to the, respectively increasing warmer LEO and standardized conditions. By examining the LFP cell type cycle life, using the alternative end of discharge voltage approach proposed by Song et al. [10], further insights to EoL conditions are revealed, as shown in Figure 5.



From BoL to EoL, Figure 5 reveals that the operating temperature effects the end of discharge voltage, with the warmest condition (i.e., standardized) having the highest end of discharge voltage. The rate at which the end of discharge voltage decreases is different for each condition. Both the standardized and LEO conditions end of discharge voltage decreases linearly at different rates for the entirety of the testing, whereas the low temperature condition experiences an exponential decrease in end of discharge voltage. As a result of different starting positions and rates, the end of discharge voltage range increases between cell groups in different conditions throughout LEO cycling.



The difference in starting position and trends in the end of discharge voltage between each condition are shown in Figure 5, and leads us to infer that the standardized LFP group will achieve the greatest LEO cycle count, second will be the LEO condition, and third will be the low temperature condition.





4. Conclusions and Recommendations


Three progressively complex test conditions were created with varying equipment to test LIB in a simulated LEO cycle to analyze the impact it has on cycle life when compared to the manufacturer specifications. This differs from previous research which uses constant current testing as a proxy. The differences in performance between each condition, for both NCA and NMC cell types, was evident in the capacity degradation. Results show that the cycle equivalents of both NCA and NMC cells operating in the LEO condition align well with the manufacturer specified cycle life. Consequently, LEO cycle life can reasonably be predicted from manufacturer specification sheets for both the NCA and NMC cell types. The LFP cell type showed marginal differences in capacity degradation between each condition. Although the LFP cell groups remain operational, they only achieve approximately 66% of the cycle equivalents of their manufacturer life cycle rating, due to the higher charge and discharge rates in the accelerated LEO cycle. On further inspection, via end of discharge voltage analysis, differences between LFP cell groups were evident, showing that the warmer cell groups (LEO and standardized) will likely outlast the colder cell groups regardless of capacity degradation rates.



In all cases, the standardized (hot) and low temperature (cold) conditions result in a different thermal response of the cell compared to the LEO condition, and consequently do not provide useful information for CubeSat applications. To experimentally determine the LEO cycle life, we first recommend testing be completed in the LEO condition at the desired rates to produce accurate results. Alternatively, if a thermal-vacuum chamber is not available the manufacturer specification sheets can be used as an initial screening tool prior to cell selection.
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Abbreviations




	BoL
	Beginning of Life



	CC
	Constant Current



	CP
	Constant Power



	CV
	Constant Voltage



	EoL
	End of Life



	LEO
	Low Earth Orbit



	LFP
	Lithium Iron Phosphate



	LIB
	Lithium-Ion Battery



	NAM
	Negative Active Material



	NCA
	Nickel Cobalt Aluminum



	NMC
	Nickel Manganese Cobalt



	PAM
	Positive Active Material



	SoC
	State of Charge



	SoE
	State of Energy
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Figure 1. Experimental test configuration showing the temperature and pressure values for each of the three test conditions. 
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Figure 2. Experimental setup photograph of the interior of thermal chamber, with LEO condition test cells (0.2 kPa, 10 °C) in 3P groupings. Note that the test cells in the standardized condition (101 kPa, 20 °C) and low temperature condition (101 kPa, 10 °C) are not shown. 
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Figure 3. Grouping of NCA cells in 3P configuration with type T thermocouples adhered to each cell. 






Figure 3. Grouping of NCA cells in 3P configuration with type T thermocouples adhered to each cell.



[image: Batteries 07 00020 g003]







[image: Batteries 07 00020 g004 550] 





Figure 4. Normalized discharge energy capacity measured at reference cycles versus number of equivalent cycles for each cell type (top: NCA, NMC; bottom: LFP) and LEO cycling condition. Manufacturer specification sheet 80% cycle life marked by dashed vertical lines for NCA (250 cycles), NMC (300 cycles) and LFP (4000 cycles). 
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Figure 5. LEO cycling end of discharge voltage versus completed LEO cycles for LFP cells in all three conditions. 
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Table 1. Single 18–65 cylindrical cell manufacturer datasheet specifications.






Table 1. Single 18–65 cylindrical cell manufacturer datasheet specifications.





	Specification Sheet Parameter
	NCA [18]
	NMC [19]
	LFP [20]





	Voltage range (V)
	2.5–4.2
	2.75–4.2
	2.0–3.6



	Nominal voltage (V)
	3.6
	3.6
	3.3



	Rated coulombic capacity (Ah)
	3.35
	2.60
	1.10



	Rated energy capacity (Wh)
	11.9
	9.36
	3.63



	Max recommended continuous C-rate for 100% ΔSoC cycle (discharge/charge)
	2.0/0.5
	2.0/1.0
	27.3/3.6



	Rated cycle life to 80% capacity (cycles)
	250
	300
	4000



	Cycle life test C-rate (discharge/charge)
	1.0/0.5
	0.2/0.5
	1.0/1.0



	PAM Elemental Composition
	LiNi0.83Co0.14Al0.03O2
	LiNi0.5Mn0.3Co0.2O2
	LiFePO4
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Table 2. ΔSoE and approximate cycling rates for each cell type during accelerated LEO cycling.






Table 2. ΔSoE and approximate cycling rates for each cell type during accelerated LEO cycling.





	Cell
	BoL ΔSoE
	CP Discharge Rate
	Peak Charge Rate
	Minimum Charge Rate





	NCA
	18%
	0.93C
	0.93C
	0.55C



	NMC
	23%
	1.20C
	1.20C
	0.71C



	LFP
	60%
	3.09C
	3.09C
	1.84C
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Table 3. Average cell temperature during LEO cycle operating for each cell type and experimental condition.
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	Cell Type
	Standardized Condition

(101 kPa-abs, 20 °C)
	Low Temperature Condition

(101 kPa-abs, 10 °C)
	LEO Condition

(0.2 kPa-abs, 10 °C)





	NCA
	36 °C
	18 °C
	27 °C



	NMC
	37 °C
	18 °C
	27 °C



	LFP
	31 °C
	17 °C
	23 °C










[image: Table] 





Table 4. Equivalent cycles of initial measured coulombic capacity to degrade to 80% discharge coulombic capacity for each cell type in all three conditions, with manufacturer specified cycle life reproduced for clarity. Highest experimental equivalent cycle life is highlighted.






Table 4. Equivalent cycles of initial measured coulombic capacity to degrade to 80% discharge coulombic capacity for each cell type in all three conditions, with manufacturer specified cycle life reproduced for clarity. Highest experimental equivalent cycle life is highlighted.





	Cell Type
	Standardized
	Low Temperature
	LEO
	Manufacturer Specified





	NCA
	218
	178
	264
	250



	NMC
	755
	230
	324
	300



	LFP
	2271
	3099
	2309
	4000
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