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Abstract

:

A reliable power grid system based on renewable energy sources is a crucial step to restrict the climate crisis. Stationary battery energy storage systems (BESS) offer a great potential to repel power fluctuations in the grid at different timescales. However, for a reliable operation and cost estimation, the degradation in the batteries needs to be understood. We present an accelerated battery degradation study, on single as well as multi-service applications, of NCM532/Gr lithium-ion battery cells. Frequency regulation (FR) was the least harmful for the battery, with an expected lifetime of 12 years, while peak shaving (PS) resulted in an expected lifetime of 8 years. The combined cycle (FRPS) accelerated the capacity loss, and degradation of the positive electrode was induced from the start of cycling, causing power limitations after only 870 equivalent full cycles (EFC). Tracking the 1C-rate discharge capacity was proven to be a good indication of the accelerated cell polarization, and it can serve as a useful method to evaluate the internal battery state of health (SOH).
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1. Introduction


The power grid system plays a crucial role in the electrified society. A reliable power grid, delivering electricity in the right quantity at the right time, is the backbone of the green transition. As non-renewable energy sources are being phased out, the share of photovoltaic (PV)- and wind-power is increasing rapidly. In the European Union, 295 GW of variable renewable energy sources were installed in 2021 [1], and these capacities are predicted to more than double by 2030 [2]. Introducing more renewable energy sources to the power grid comes with challenges, as these energy sources are more intermittent and less predictable than the traditional suppliers. Keeping the frequency stable is critical for a reliable power grid system, and its ability to handle the residual load at all times defines its flexibility. With less predictable electricity generation, a greater amount of flexible power needs to be available. Large-scale battery energy storage systems (BESS) can balance the grid, providing both charge and discharge power. In 2030 a large part of the installed flexible power is predicted to come from batteries, especially when it comes to rapid, under 4 h power delivery [2]. Lithium-ion batteries offer a viable solution to efficiently store and use electric energy in both mobile and stationary applications.



The flexible power needed to support the grid can be categorized into different service cycles, depending on the time span and power. The U.S. Department of Energy categorizes these services into bulk energy services (electric energy time-shift/arbitrage), ancillary services (voltage support, ramping support for renewables, black start, frequency regulation), transmission infrastructure services (transmission upgrade deferral, congestion relief), distribution infrastructure services and customer energy management services (power quality, power reliability), to mention some [3]. These services can also, in some cases, be stacked together to increase the utilization of the energy storage and the flexibility in the power system. Figure 1 shows how a BESS can balance through shifting energy between both high production and high consumption periods, but also how it can smooth shorter variations and noise.



BESS with lithium-ion batteries can provide all these services, but the reliability and profitability are crucial aspects to be addressed before a widespread implementation. Reliable frequency regulation (FR) service and the allowed access to the ancillary market was demonstrated by Koller et al. and Borsche et al. [4,5] using grid-connected BESS. With a faster ramp-up time than any conventional energy storage system, BESS was proven to be an excellent solution. In less dynamic cycles, such as peak shaving (PS) applications, the profitability of BESS over traditional peaking resources depends on many parameters. The effect of the energy demand pattern for BESS profitability was investigated by Denholm et al. [6]. Additional potential was observed with more renewable generation, as BESS can work as an energy sink during low value PV generation, thereby enabling greater PV deployment.



To optimize BESS profitability, a significant amount of research is now focused on operation and planning strategies, including capex, service life, and usability. Münderlein et al. [7] showed that an increased profit can be achieved by the use of different degrees of freedom during operation, such as a frequency dead band, allowing a larger deviation from the set frequency. A cycle counting algorithm was applied to include battery degradation effects. Gatta et al. [8] investigated BESS for FR service in different operation modes, with varying C-rates and droop values (voltage drop as a new load is connected to the power network). They concluded a trade-off between lifetime and overall efficiency of the system, as can be expected with a low droop, leading to a more intense battery cycling. Rahman et al. [9] developed bottom-up technoeconomic models comparing different battery chemistries and BESS applications. The battery capital cost, lifetime (related to the depth of discharge), and round-trip efficiency were the most sensitive parameters for the total investment cost and the levelized cost of storage. Highlighting the importance of accurate battery lifetime estimations and high BESS utilization. Kucevic et al. [10] focused on developing standard BESS profiles to better compare performance and efficiency. By simulating FR and PS applications over a year, they obtained 4% and 7% capacity loss, respectively. For future work, the need for a more detailed study on battery degradation was highlighted.



Lithium-ion battery degradation is a complex chain of mechanisms, where the main degradation phenomena are the loss of active material in the positive electrode (LAMPE) and the negative electrode (LAMNE), as well as the loss of cyclable lithium (LLI). While the degradation in vehicle applications have been studied extensively [11,12,13], only a few studies have focused on identifying the degradation phenomena related to stationary applications. Crawford et al. [14] compared LiNi0.8Co0.15Al0.05O2 (NCA) and LiFePO4 (LFP)-based batteries subjected to a combination of stationary services and with or without the addition of an electric vehicle drive cycle. They presented different rates of increased cell resistance, especially for NCA when including the EV drive cycle, and identified LLI as the main degradation phenomenon. An extensive work was performed by Dubarry et al. [15,16], analyzing power profiles for BESS and identifying stress factors for accelerated battery degradation by analyzing the data obtained from three years of real usage as a 1 MW/250 kWh BESS was employed for FR and wind power smoothing. The data was categorized in terms of C-rate, pulse duration, state-of-charge (SOC) swing, SOC ramp-rate, and module temperature. In a subsequent study, they tested the stress factors on LTO/NCA pouch cells and quantified the resulting capacity fade. A more thorough analysis of the degradation modes was performed by Baure and Dubarry [17], cycling the cells under different use regimes and temperatures. The most degrading regime was cycling between 50–85% SOC, where LAMPE dominated. From comparing 5% SOC swings with 75% SOC swings in the medium SOC region, it was revealed that after 450 days of cycling, the capacity loss was similar; however the internal degradation mechanism varied, with almost double the amount of LAMPE.



As different degradation modes are revealed in previous research, depending on the application, the need to understand the couplings to specific service cycles is evident. With power grid planning and operation strategies at the early implementation stage, this knowledge would also be highly valuable. The internal degradation might not directly affect the available capacity of the cell, but it will have an impact on the power and capacity over time. Thoroughly tracking the degradation under different conditions is therefore necessary for accurate lifetime estimations. This will be of particular importance in more demanding applications, such as for combined services.



In this work, lithium-ion battery degradation, in single as well as multi-service applications, is studied. Duty cycles adopted from real-use case FR data and PS cycling are applied. For comparison, some cells are also calendar-aged at 50% and 78% SOC. The cycles are chosen, as their characteristics can be applied to several other services, including dynamic and full charge/discharge profiles. The degradation analysis involves different techniques, such as the capacity evolution and the electrochemical impedance spectroscopy (EIS), as well as changes in the electrodes revealed by differential voltage analysis (DVA). A thorough investigation of different degradation mechanisms is performed and coupled to specific characteristics of the duty cycle profiles. Understanding the consequences of combining service cycles, as well as potential performance limitations, will be crucial for multi-service applications. An easily implemented method to track dominating internal degradation modes is also investigated. The results will contribute to more accurate lifetime estimations and help improve the full utilization of batteries in stationary energy storage applications.




2. Materials and Methods


Cylindrical 18,650 cells with 2.6 Ah capacity from Samsung (ICR18650-26H) were purchased specifically for this experimental study. A nickel-rich cathode chemistry was chosen, as these cells are the most commonly employed in BESS today. A safe operating voltage of 2.75–4.2 V and a maximum current of 5.2 A were specified by the manufacturer.



2.1. Initial Characterization


We performed a beginning of life (BOL) characterization, including capacity measurements and EIS. The capacities were measured at rates of 1C (2.6 A) and C/20 (0.13 A), defined from the nominal capacity. A 1C-rate corresponds to the current needed to discharge the battery in 1 h, C/20 in 20 h, and so on. EIS was performed at 50% SOC, with a current perturbation of 260 mA and a frequency range of 50 mHz–3000 Hz, using a Gamry PCI/750 Potentiostat/Galvanostat and a four-point connection cell holder. The battery SOC was defined from the C/20 discharge curve via coulomb counting.



We conducted a cell opening to further characterize the single electrode materials. This was performed in an argon-filled glove box to avoid moisture and oxygen reacting with the cell materials (<1 ppm O2, <1 ppm H2O, LC Technology Solutions). Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) images of the electrode materials were captured, and the chemical composition of the electrodes could be determined from EDX. The positive electrode active material was shown to consist of Li(Ni0.5Co0.2Mn0.3)O2 (NCM523), and the negative electrode was based on graphite.



For electrochemical analysis the harvested materials were reassembled in a three-electrode setup (EL-CELL, ECC-PAT-core) with a lithium reference electrode. The active material from one side of the electrodes was first removed by adding droplets of N-methyl-2-pyrrolidone (NMP) and then scraping. With the current collector exposed on one side, circular electrodes were then punched. The electrodes, 100 µL electrolyte (1 M LiPF6 in 1:1 EC:DEC vol., BASF Selectilyte® LP40), and the reference electrode were then reassembled in the three-electrode setup.




2.2. Cycling Procedure


The degradation protocol consisted of three different dynamic cycles (FR, PS, and the two combined, referred to as FRPS), as shown in Figure 2, and two calendar aging tests (50% SOC and 78% SOC). The tests were performed with an 8-channel ARBIN LBT-5V-60A battery tester (FR- and FRPS-cycles) and a NEWARE BTS-4000 (all remaining). The cells were kept in a climate chamber (Friocell 111 Comfort MMM Lab) at 40 °C to accelerate the degradation, without introducing additional degradation phenomena. To confirm this, a reference calendar aging tests at 50% SOC was also performed in a climate chamber at 25 °C. Duplicate cells were investigated for each condition, resulting in a total of 14 cells.



The FR-cycle was taken from data published by Sandia National Laboratories in their report “Protocol for Uniformly Measuring and Expressing the Performance of Energy Storage Systems” [18]. The data is representative of a 2 h FR service, with a normalized power signal. The cells were cycled galvanostatically, and the power signal for the FR-cycle was therefore scaled by the nominal 1C current. The current profiles were set symmetrical. Additionally, a 4 h PS-cycle was designed with a 1C current and SOC window of 22% SOC–78% SOC. The third cycle is the sum of the FR and PS currents, resulting in a cycle with a maximum current of 2C and a SOC window of 16% SOC–84% SOC. After 20 h, a low current was applied to reset initial SOC and correct for possible drift.



Testing was paused every two weeks to perform a reference performance test (RPT). The RPT was performed at 25 °C, and the protocol used is explained in Table 1.



Finally, a post-mortem analysis was performed at end of test (EOT). The aged cells were completely discharged and opened in an argon-filled glove box. Visual inspection and SEM were subsequently performed on the electrodes.



Data correction due to calibration. A calibration performed for the NEWARE battery tester after 12 weeks of cycling created an offset for some of the measured results. As the current had been slightly overestimated/underestimated on some channels, a scaling value of +/−3% was applied to the raw data before calibration. The values for each channel were determined by matching DVA data measured just before and after the calibration. This scaling factor had to be applied to 6 of the 12 channels. The channels that were calibrated with an increase in current subsequently experienced a drop in the measured 1C battery capacity. This capacity drop due to an increased cell current was corrected for by a scaling factor of −1%, which was applied to 3 of the channels. The value was obtained from the cells subjected to calendar aging by assuming 0% degradation in that period.





3. Results


The results of this work are presented through five independent techniques for the analysis of the battery degradation. The performance losses are first studied through capacity and cell polarization. To further investigate the sources of degradation, two different electrochemical techniques are applied: EIS and DVA. Finally, SEM pictures of the harvested electrodes are studied. We close this section by estimating the battery lifetime under normal operation conditions, following a discussion on the effect of combining cycles and the BESS operation strategy.



3.1. Performance Losses


The capacity evolution of the cells over time varied with the service cycle, as can be seen in Figure 3a. As expected, the FR-cycle was the least degrading cycle in terms of capacity loss. However, with a higher average current than the PS-cycle, the SOC window of the FR-cycle is very narrow and kept close around 50% SOC. Moreover, the loss is larger than that of the calendar aged cells at 50% SOC. The SOC window for the PS-cycle is 22–78% SOC initially, and the capacity loss is 8% after 705 equivalent full cycles (EFC), defined as a full charge of the battery (2.6 Ah) and one full discharge.



The capacity measured at a 1C discharge rate, defined by the nominal capacity, is shown in Figure 3b. Here, more of the polarization is captured due to the higher current. A drastic decrease in capacity can be seen for the FRPS cells, and after 18 weeks of cycling, the PS cells show a similar trend. The initial increase in capacity for the PS cells is a bit unexpected, and was measured for both duplicates. It is believed to stem from a protective coating layer on the electrode surface and will be discussed more fully in the next section. The initial capacities of the cells are shown in Table 2.



The large increase in polarization from the FRPS application resulted in a widening of the voltage window, as can be seen in Figure 4. After 870 EFC, the voltage limits of the batteries were reached, and the cycling had to stop, although a 92% capacity was still remaining. This result is highly relevant for BESS operation and planning. During operation, the conditions in which accelerated degradation occurs should be limited to avoid power limitations. With more polarization losses, the power efficiency of the battery will decrease. The drastic voltage decrease at low SOC is most likely due to the steeper open circuit potential gradient in those regions, an effect of the electrode thermodynamics. The FRPS cells had an initial power efficiency of 94% and at end of test, the efficiency was 89%, calculated from the performed service cycles. A similar decrease was measured for the PS-cycled cells at end of test. This indicates that the more power-demanding FRPS cycle does not introduces any major additional degradation, but the cycle itself is more challenging for the battery to perform. From a BESS planning perspective, the remaining capacity of the cells could potentially be used in a less demanding application, such as FR.




3.2. Electrochemical Impedance Spectroscopy


To better understand the power limitations of the cells, EIS can be applied to characterize the material properties [20,21] and analyze the degradation phenomena in lithium-ion batteries [22,23,24]. It is a versatile technique, applying a sinusoidal current or potential signal with varying frequencies. In a so-called Nyquist plot, the imaginary and real part of the impedance is plotted for every frequency. As a result, the different reactions taking place in the battery can be separated from their specific timescales, as well as from the respective resistance.



The FR-cycle caused very few changes to the cell impedance, as seen in Figure 5a,b. A slightly increasing ohmic resistance (the high frequency intercept) is measured during the 28 weeks of testing. The local minimum of the -Im(Z(w)) at low frequency, followed by the “diffusion tail”, shows no increase, and the rate of lithium diffusion in the active material is therefore assumed unchanged [23,25]. The semicircle represents the charge transfer reaction at the surface of the electrodes, where the width represents the charge transfer resistance and the height shows the double layer capacitance [23,25]. The FR cells show no increase in the semicircle size, a similar behavior as observed for the 50% SOC calendar-aged cells, Figure 5g,h.



From BOL to the first RPT (after two weeks), all cells experienced a large drop in charge transfer impedance, Figure 5b,d,f,h. This is believed to arise from a coating layer on the electrodes preventing calendar aging, as the cells have remained in storage. Aluminum, probably in the form of aluminum oxide, was identified by EDX at the surface of the positive electrode as well, confirming this theory. Presumably, this protecting layer was partly dissolved as the cells were subjected to cycling. The calendar-aged cells show a continuous decrease in charge transfer resistance, indicating that the protective layer has not been completely dissolved.



Clear trends of degradation and increased impedance can be seen in Figure 5c,e, for the FRPS- and PS-cycled cells. The ohmic resistance and the size of the semicircle increases. With a growing semicircle, the impedance of the charge transfer reaction increases, as well as the total cell polarization. Full cell impedance includes the charge transfer reaction on both electrodes, as well as on the possible surface layers. Separating the contributions is sometimes possible with additional measurements in half-cell configurations, but in this work, we compare the size of the total semicircle instead. The width is measured as the distance from the high frequency intercept to the low frequency local-Im(Z(w)) minimum, and the height as the maximum value of the-Im(Z(w)). The evolution of the width and height of the semicircle is further shown in Figure 5d,f. While for the FRPS-cells the semicircle starts to grow continuously from the second RPT, the PS-cycled cells exhibit a stable semicircle during the first weeks of cycling, and thereafter, the subsequent increase occurs at a lower rate. At the end of test, the FRPS cells have delivered 870 EFC and the PS cells 705 EFC. Nickel-rich electrodes are known to lose capacity at high potentials due to transition metal dissolution and particle cracking. This can result in an increase in both the width and height of the semicircle [23,26,27,28]. An increased thickness of the solid electrolyte interphase layer (SEI) is also known to increase the charge transfer resistance, mainly at these frequencies [22,23].



The cells also experience a rather constant increase in the ohmic resistance. This is known to increase with time as the electrolyte decomposes, and it will shift the semicircle to the right [24]. Degradation phenomena, such as cracks in the active material particles, exposing fresh surface to the electrolyte, as well as transition metal dissolution, can accelerate these reactions. Finally, the low frequency “diffusion tail” shows a higher impedance with time for the FRPS- and PS-cycled cells, indicating a decreased rate of lithium diffusion in the active material.




3.3. Differential Voltage Analysis


To study changes in the positive and negative electrodes, DVA was applied, i.e., the derivative (dV/dQ) of a low current discharge with respect to capacity. A smoothing approach, as suggested by Li et al. [29] and Smith et al. [30], in which a pre-processing of the raw data by smoothing with a moving average over a 0.55% SOC span, followed by a Gaussian filter with a 3.0% SOC span, was applied to obtain distinguishable peaks. For DVA analysis, dV/dQ data is plotted against Q and highlights single phase regions that can be separated for each electrode. DVA has been demonstrated as a valuable tool for analyzing the internal sources of battery degradation, as well as the electrode balancing [31,32,33,34].



The DVA measured in a three-electrode setup with a lithium-reference is shown in Figure 6a. The contributions from the positive and negative electrodes add linearly to the full cell data accordingly


     (    d V   d Q    )    c e l l   =    (    d V   d Q    )    c a t h o d e   −    (    d V   d Q    )    a n o d e    



(1)







The results from the three-electrode setup correspond well with the 18,650-cell measurements, as all features remain similar in shape and position, Figure 6b–d. The features from the positive electrode are harder to distinguish compared to the clear peaks from the negative electrode. From Figure 6a, it can be concluded that the area right after the steep slope at the beginning of discharge, as well as right before the steep slope at end of discharge, is controlled by the positive electrode gradient. If LAMPE occurs, the total width of the positive electrode DVA plot will decrease.



The DVA of the cycle-aged cells with time can be seen in Figure 6b–d, where the total cell capacity loss is visible as a decrease in the total width of the plotted graph. Different profile changes highlight differences in the internal degradation. Most interesting is the change of the slope height at the beginning of discharge, in combination with the increased height of the final drop at end of discharge, as seen in Figure 6c,d. These two profile changes combined are the result of LAMPE. The PS-cycled cells (Figure 6c) do not immediately experience LAMPE, as is the case for FRPS, but after 10 weeks, the same trend appears in the DVA. This indicates an initial capacity loss due to LLI, and a combination of LLI and LAMPE after some cycling. The LAMPE also occurs at a lower rate than for FRPS. Interestingly, the timing in the DVA with LAMPE for the PS-cycled cells coincides with both the increased charge transfer resistance of the cells (Figure 5d), as well as with the decrease in 1C capacity, as seen in Figure 3b.



No indication of LAM can be seen from FR (Figure 6b), and this can therefore be excluded as a source of capacity loss. The shift of the peaks to a higher SOC results from a change in the electrode balancing [31]. As cyclable lithium is lost, probably due to SEI layer growth, the positive electrode will be driven to a higher potential during charging. Small changes in the electrode alignment will usually not have an effect on the battery capacity, since the batteries are manufactured with some margins.



When tracking the distance between the two graphite peaks (at a discharged capacity of 1.15 and 2.25 Ah) in Figure 6d, a decrease in capacity was observed. This is a commonly applied method to track LAMNE, but was shown to be misleading, in our case. The theory regarding losing active material assumes that it is uniformly lost. Hence, all peaks related to that electrode would move closer together [31]. In Figure 6d, although the distance between the two graphite peaks appears to decrease, the distance to the slope at the end of discharge (also limited by the negative electrode) does not. The cell is therefore not losing active material in the negative electrode. Rather, the change in the peak position is believed to be due to inhomogeneous degradation in the cell and a smearing out of the peaks. Inhomogeneous degradation of a cell will make the peaks in the DVA curve less sharp, as the different contributions from parts of the electrodes will smear out the full cell data. This has been experimentally proven by Sieg et al. [34]. Expanding the analysis in a future study would be needed to investigate this phenomenon further.




3.4. Scanning Electron Microscopy


Finally, a post-mortem analysis was performed and SEM pictures taken of the harvested electrode sheets. By comparing the positive electrode surface morphology of FRPS and PS with BOL, an increased particle porosity, as well as particle cracks, were visible over the whole surface after FRPS, Figure 7c. No clear morphology changes are visible for the PS-cycled cells, Figure 7b. The FR-cycled cells showed very little capacity loss at EOT and were therefore not included in the SEM analysis. Cracks in the secondary particles could explain the impedance increase in the batteries, as well as the LAMPE for the FRPS-cycled cells. While a larger active surface area for the intercalation reaction is beneficial, active material isolation and loss of contact will result in decreasing power and capacity performance.




3.5. Effect of Accelerated Testing


Parameters used to accelerate the degradation of the cells included increased charge throughput and ambient temperatures. The PS cycle simulated full discharge 6 times a day, where in a real case, this might occur one time a day down to a few times a year. In some situations, the timing of the peak events is easier to estimate, as they will occur regularly. In those cases, the battery should be kept at a medium to low SOC to decrease the calendar aging rate. For a realistic PS lifetime estimation, we assume 1 peak per day and a battery SOC of 78% for the rest of time, so the BESS is also prepared for unexpected events. The capacity evolution at 78% SOC was fitted to a t0.75 dependent function (1.0002 − 0.0028 × t0.75), as previously shown by Schmalsteig et al. [35]. Calendar aging at 78% SOC at 40 °C has been shown to increase the capacity loss with a factor of 2 compared to room temperature [36]. This relationship was also seen between the cells in our study stored at 50% SOC at 40 °C and the reference stored at 25 °C.



The effect of the increased temperature on cycle-aging can be evaluated by comparing similar cycling conditions in different temperatures. Kebede et al. cycled NCM-cells with a 60% depth of discharge (DOD) and a 50% mid-SOC at 25 °C as well as 45 °C. After 700 EFC, the capacity loss at room temperature was 52% of the loss at high temperatures. A similar temperature acceleration was measured by Kandler et al. [37] by cycling cells with 80% DOD, between 4.1 V/3.4 V, at 23 °C and 45 °C. After 28 weeks, the capacity loss at low temperatures was 53% of the loss at high temperatures. Temperatures up to 45 °C were measured on the surface of our cells during cycling, and we therefore consider this a suitable comparison.



Assuming a linear cycle-capacity loss evolution, an extrapolation of the combined cycle- and calendar-aging results can be performed. While this is a simplification of the very complex battery degradation, it has shown to be valid until around 80% capacity [38]. With the increased ambient temperature accelerating the capacity loss with a factor of 2, a lifetime of 8 years can be expected at 25 °C for the realistic PS-cycle.



For the FR application, 920 EFC were performed during the 28 weeks of testing, and 4% capacity was lost. During the same time, the cells at 50% SOC lost 2% capacity. In a real FR application, around 260 EFC/year is expected [39]. This leads to a pure cycle-aging rate of 0.28% capacity loss per year at 25 °C, assuming an accelerated degradation of a factor of 2 in 40 °C. The capacity evolution at 50% SOC at 25 °C was fitted to a t0.75 dependent function (1.0041 − 0.0013 × t0.75), and by extrapolating the combined results, a lifetime of 12 years can be expected.




3.6. Multi-Service Application and Operation Strategies


Combining power grid service cycles to be performed simultaneous by a BESS can increase the grid support, but the battery degradation and lifetime might be affected. Our results highlight the need to consider battery power limitations due to degradation, as well as the capacity. From a PS cycle, operating in a wide SOC window, accelerated polarization was observed after 18 weeks of cycling. When combined with the rather harmless FR cycle, these degradation phenomena were already initiated from the start of the cycling. With 92% capacity left, the FRPS cycling had to stop due to battery power limitations. The results are of great importance when it comes to planning and operating BESS, as this accelerated degradation should be avoided, but also since there are less power demanding services where the BESS could still be useful.



At EOT the FRPS-cycled cells had delivered 23% more energy compared to the single PS service, but the lifetime was shortened with 36% (until 92% capacity). Impedance measurements reveal a similar resistance increase in the FRPS and PS cells, but the more demanding FRPS profile could no longer be performed. The electrochemical analysis indicated a degradation of the positive electrode to be one reason for the increased cell polarization. A higher rate of LAMPE was observed for FRPS, as well as cracks at the electrode surface. Cracks in the positive electrode active material particles have been seen before for high SOC pulsing [40,41]. Apart from the high SOC pulsing, the increased current in the combined cycle is an important parameter that will influence the internal degradation of the battery. Whether the increased current or the high SOC accelerates the degradation the most is a topic for future work. Increasing the size of the BESS, narrowing the operating SOC window, might mitigate the accelerated polarization increase and prolong the lifetime. The suitability of the cells to continuously be used in a less demanding application, such as FR, is another topic for future study.



It was also noted that the induced accelerated internal degradation coincided with the decrease in 1C discharge capacity, both for PS and FRPS. The increased polarization, separated from the capacity loss, is illustrated in Figure 8, where the two cells FRPSb and PSb are compared at different states of health (SOH). The cells experienced a similar C/20 capacity loss at RPT 4, FRPSb at 95.7% capacity, and PSb 96.6% respectively, but FRPSb shows more polarization at the end of the 1C discharge. When looking at the 1C capacity evolution (Figure 3b, b cells marked with a star), after 8 weeks, the FRPSb cell has started to lose capacity from BOL, while PSb has not. After 16 weeks (RPT8), the PSb cell has also started to lose 1C capacity, and the 1C discharge curve matches the FRPSb_RPT4 very well, Figure 8. It is also observed that the FRPSb_RPT2 matches well with the PSb_RPT4, both before any 1C capacity loss. The source of the increased polarization might stem from a charge transfer impedance increase, as also observed in the EIS, Figure 5d. The addition of a 1 h discharge step to evaluate battery SOH could therefore serve as a highly valuable step in the BESS operation strategy. If applied continuously during check-ups, it can help to avoid accelerated degradation and to find the most suitable application at current SOH.





4. Conclusions


The lifetime of lithium-ion batteries in stationary energy storage applications were investigated through accelerated aging tests. Specifically, the case of a multi-service application, where the battery performed both frequency regulation (FR) and peak shaving (PS) simultaneously was analyzed. A large polarization increase forced the combined cycle (FRPS) to stop, with a remaining capacity of 92%.



A thorough electrochemical analysis was performed to track the internal sources of degradation. While the FR cycle only induced LLI and a small increase in ohmic resistance, the FRPS cycle resulted in a large impedance increase and induced LAMPE from the start of cycling. Cracks in the secondary particles and increased electrode porosity were also visible at EOT. While an impedance increase and LAMPE were also found for the PS-cycled cells, it was at a lower rate and occurred at a later stage. By measuring the 1C discharge capacity, the acceleration of the internal degradation could be identified.



We believe that our findings can be a great contribution to the overall understanding of battery degradation in stationary applications. At the current stage, where a significant amount of research regarding BESS is focusing on smart grid planning and operation strategies, we also want to highlight the value of including a battery SOH control step. As shown here, this could be a single 1C discharge, capturing accelerated polarization behavior, to further optimize BESS lifetime and utilization.
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Figure 1. Example of a power grid load profile with a battery energy storage system. 
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Figure 2. The three investigated duty cycles (a) FR 44–56% SOC-range, (b) PS 22–78% SOC-range, (c) FRPS 16–84% SOC-range. 
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Figure 3. Capacity evolution of the cycle- and calendar-aged cells. An averaged value of the duplicate cells is shown as a line. The FRPSb and PSb cells are marked with a star to show their individual performance. The capacity is measured with (a) a C/20-rate current, and (b) a higher 1C-rate current. 
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Figure 4. Battery voltage response to the FRPS cycle at BOL and after 870 equivalent full cycles. 
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Figure 5. Impedance spectra of the cycle-aged cells and the 50% SOC calendar-aged cells. The evolution of the ohmic resistance and charge transfer impedance is highlighted to the right of the Nyquist plots. This data is the average value of duplicate cells. FR (a,b), PS (c,d), FRPS (e,f), SOC50 (g,h). 
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Figure 6. DVA from a three-electrode setup with a lithium reference electrode (a) and evolution of the cycle-aged 18,650 cells (b) FR, (c) PS, (d) FRPS. 
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Figure 7. SEM pictures of the top surface of harvested positive electrode sheets. (a) BOL, (b) PS, (c) FRPS. 
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Figure 8. 1C discharge curves for the FRPSb cell and PSb cell with normalized capacity. 
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Table 1. Steps performed in the reference performance test.
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	Step Number and Measurement
	Settings





	1.
	Rest for temperature regulation
	2 h, 25 °C



	2.
	CCCV
	2.6 A charge to 4.2 V, 4.2 V hold until current < 0.13 A



	3.
	1C capacity measurement
	−2.6 A



	4.
	CCCV
	2.6 A charge to 4.2 V, 4.2 V hold until current < 0.13 A



	5.
	C/20 capacity measurement
	(Current defined from the capacity measured in step 3)



	6.
	Parameterization cycle
	Results from the parameterization cycle are presented in a different study [19]. *



	7.
	CCCV to 50% SOC, rest min 4 h
	(SOC defined from the discharge data in step 5)



	8.
	EIS
	260 mA perturbation, 50 mHz–3000 Hz



	9.
	Rest for temperature regulation
	2 h, 40 °C







* The total test time for the cycle was 9 h, and the cycle followed the battery specification limits. The discharge throughput for the test was 0.49 Ah, and the charge throughput was 2.89 Ah.
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Table 2. Initial cell capacity.






Table 2. Initial cell capacity.





	Cell
	C/20 Capacity/Ah
	1C Capacity/Ah





	SOC50a
	2.65
	2.44



	SOC50b
	2.61
	2.45



	SOC78a
	2.62
	2.45



	SOC78b
	2.65
	2.42



	FRa
	2.65
	2.44



	FRb
	2.63
	2.47



	PSa
	2.62
	2.43



	PSb
	2.61
	2.42



	FRPSa
	2.61
	2.39



	FRPSb
	2.64
	2.43
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