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Abstract 

The accelerating global deployment of intermittent renewable energy sources — solar photovoltaic and wind 

— creates a critical need for large-scale, long-duration electrochemical energy storage systems capable of 

decoupling generation and demand profiles at the grid level. Lithium-iron phosphate (LFP, LiFePO₄) batteries 

have emerged as the leading chemistry for grid-scale stationary storage applications due to their superior cycle 

life, thermal stability, and absence of cobalt in the cathode composition. This study presents a systematic 

comparative electrochemical evaluation of commercially available 18650-format LFP (nominal capacity 1500 

mAh) and NMC (Nickel-Manganese-Cobalt, LiNi₀.₆Mn₀.₂Co₀.₂O₂, nominal capacity 2200 mAh) cells over 3000 

charge-discharge cycles under controlled laboratory conditions. Electrochemical characterisation including 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), galvanostatic intermittent titration 

technique (GITT), and galvanostatic cycling at C/2 rate was performed at 25°C and 45°C to evaluate 

temperature effects on degradation mechanisms. LFP cells retained 91.3% of initial capacity after 3000 cycles 

at 25°C versus 82.7% for NMC cells, demonstrating substantially superior cycle-life stability attributable to the 

olivine crystal structure's resistance to structural phase transformation during lithiation-delithiation. EIS 

analysis reveals that NMC degradation is dominated by increasing charge transfer resistance at the cathode-

electrolyte interface (CEI) layer, while LFP degradation is primarily driven by lithium plating at the graphite 

anode under elevated temperature and high rate conditions. 
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1. Introduction 

The energy transition imperative, driven by climate change mitigation targets established under the Paris 

Agreement's 1.5°C warming constraint, has catalysed unprecedented deployment of renewable electricity 

generation capacity globally. India's National Electricity Plan (2023) targets 500 GW of non-fossil fuel-based 

electricity capacity by 2030, with solar and wind constituting the dominant contributors at approximately 350 GW 

combined. However, the variable and weather-dependent output profiles of solar photovoltaic and wind generation 

present fundamental challenges to grid stability when their penetration exceeds approximately 20-30% of total 

installed capacity without corresponding deployment of balancing resources. Electrochemical energy storage 

systems — batteries — represent the most commercially mature technology for providing the sub-hourly to multi-

hour balancing services, frequency regulation, and capacity firming functions necessary to integrate high shares 

of variable renewables while maintaining grid reliability. 

The global stationary energy storage market has experienced compound annual growth rates exceeding 

30% since 2018, driven primarily by declining lithium-ion battery costs that crossed the $100/kWh threshold at 

the pack level in 2023. Among lithium-ion chemistries, LFP has gained dominant market share in stationary 

storage applications, displacing NMC and NCA (Nickel-Cobalt-Aluminium) chemistries that were previously 

preferred for their higher energy density in electric vehicle applications. CATL's cell-to-pack technology for LFP 

achieved pack-level energy densities exceeding 160 Wh/kg by 2023, reducing the practical energy density penalty 
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relative to NMC to approximately 20-25% — a penalty that is increasingly acceptable in stationary applications 

where gravimetric energy density is less critical than in mobile transportation. 

The superior cycle life of LFP batteries relative to NMC and NCA chemistries has been attributed to 

multiple synergistic mechanisms rooted in the olivine-structured LiFePO₄ cathode's intrinsic properties. The 

strong covalent Fe-O-P bonds in the phosphate polyanion framework confer high structural stability during 

repeated lithium insertion-extraction, preventing the phase transformations and oxygen release that characterise 

layered oxide NMC cathode degradation at elevated states of charge or temperature. The flat voltage plateau of 

LFP (3.2-3.3 V versus Li/Li⁺) resulting from the two-phase lithiation mechanism simplifies state-of-charge 

estimation but complicates battery management at low states of charge where the plateau region provides limited 

voltage differentiation. 

Despite LFP's established advantages, quantitative comparative cycle-life data under controlled 

electrochemical conditions relevant to grid-scale storage duty cycles — partial depth of discharge, elevated 

ambient temperature, and variable rate cycling — remains limited in the publicly available literature. Most 

published comparative studies focus on electric vehicle application duty cycles (daily full cycling, moderate 

temperature) rather than the partial cycling and elevated temperature conditions characteristic of utility-scale 

storage deployments in hot climate regions including Rajasthan and Gujarat where ambient temperatures regularly 

exceed 40°C. This study addresses this gap through systematic electrochemical characterisation of LFP and NMC 

cells under both standard (25°C) and elevated temperature (45°C) cycling protocols, with detailed mechanistic 

analysis of degradation pathways through EIS and post-mortem electrode characterisation. 

2. Literature Review 

The electrochemical degradation of lithium-ion batteries has been extensively studied over three decades 

since Sony's commercial introduction of graphite-LiCoO₂ cells in 1991. Calendar ageing and cycle ageing 

represent two distinct degradation modes whose contributions depend on duty cycle, temperature, and state-of-

charge history. Vetter et al. (2005) provided the foundational taxonomy of degradation mechanisms, identifying 

solid electrolyte interface (SEI) growth at the graphite anode, lithium plating under low-temperature or high-rate 

charging, cathode structural disordering, and electrolyte decomposition as primary capacity fade and power fade 

mechanisms. 

Phosphate-based cathode materials were introduced by Padhi et al. (1997), who first reported reversible 

electrochemical lithium extraction from LiFePO₄ with a flat 3.5 V discharge plateau. Subsequent work by Ravet 

et al. (1999) resolved the initial poor rate capability through carbon coating to enhance electronic conductivity, 

enabling practical LFP batteries. Long-term cycle life studies on LFP cells by Dubarry et al. (2012) demonstrated 

capacity retention exceeding 80% after 5000 cycles at C/2 rate at 25°C, establishing the cycle life benchmark that 

underpins LFP's economic value proposition for grid storage applications with 10-15 year operational lifetime 

requirements. 

Comparative electrochemical studies of LFP versus NMC batteries have been reported by multiple 

groups. Noh et al. (2013) evaluated LiNiₓMnᵧCoᵤO₂ compositions across the Ni-rich to Co-rich spectrum, 

demonstrating the inverse relationship between energy density and cycle life stability that characterises the NMC 

family. Ni-rich NMC811 delivers the highest energy density (~230 Wh/kg) but shows accelerated capacity fade 

above 80% state of charge due to phase transformation from hexagonal H2 to H3 structure with associated 

microcracks at particle boundaries. The moderate-Ni NMC622 composition used in many grid storage 

applications represents a compromise between energy density and cycle stability. 

Temperature effects on LFP versus NMC degradation have been systematically studied by Waldmann et 

al. (2014), who demonstrated that LFP cells show dominant anode lithium plating at temperatures below 25°C 

and minimal degradation at 25-45°C, while NMC cells show accelerating cathode-electrolyte interface growth 

and electrolyte oxidation at temperatures above 40°C. This differential temperature sensitivity has direct 

implications for grid storage in hot climate regions where thermal management system costs can significantly 

impact project economics. In the Indian context, Kannan et al. (2021) reported field data from a 1 MWh LFP 

battery energy storage system in Chennai demonstrating 87% capacity retention after 2 years of operation under 

monsoon-season humidity and summer temperature conditions. 
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3. Experimental Section 

3.1 Cell Selection and Characterisation Protocol 

Commercial 18650-format cylindrical cells were selected for this study: EVE Energy LF50F (LFP 

cathode, graphite anode, nominal capacity 1500 mAh, nominal voltage 3.2 V) and Samsung SDI INR18650-22P 

(NMC622 cathode, graphite-silicon composite anode, nominal capacity 2200 mAh, nominal voltage 3.6 V). These 

cells represent commercially deployed chemistries in Indian grid storage and electric vehicle applications 

respectively. Twelve cells of each chemistry were used: six for 25°C cycling and six for 45°C cycling protocols. 

All cells were received directly from the manufacturer with initial capacity within ±3% of nominal specification, 

confirmed by three formation cycles at C/5 rate before experiment commencement. 

 

Fig. 1. Energy density comparison (Wh/kg) across major battery chemistries: Lead-Acid, NiMH, Li-Ion (NMC), LFP, and 

next-generation Solid-State batteries, illustrating the trade-off between maturity and energy density. 

3.2 Cycling Protocol 

Galvanostatic cycling was performed using a Neware BTS-4000 battery testing system (8-channel, ±5A, 

±5V, Neware Technology, Shenzhen) in a temperature-controlled environmental chamber (Binder MKF 115) at 

25±0.5°C and 45±0.5°C. The standard cycling protocol consisted of: (1) constant-current constant-voltage 

(CCCV) charge at C/2 rate to upper cutoff voltage (3.65 V for LFP, 4.2 V for NMC) with CV phase until current 

drops to C/20; (2) rest period of 10 minutes; (3) constant-current discharge at C/2 rate to lower cutoff voltage (2.5 

V for LFP, 2.75 V for NMC); (4) rest period of 10 minutes. Capacity check cycles at C/5 rate were performed 

every 50 cycles to determine usable capacity independent of rate effects. Cycling continued until cell capacity fell 

below 80% of initial measured capacity or 3000 cycles, whichever occurred first. 

 

Fig. 2. State of charge (SoC) versus voltage discharge curves for Li-Ion (NMC), LFP, and NiMH chemistries, illustrating 

LFP's characteristic flat voltage plateau between 20-80% SoC critical for battery management system design. 

3.3 Electrochemical Characterisation 
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Electrochemical impedance spectroscopy (EIS) was performed at 50% state of charge using a Biologic 

VSP-300 potentiostat over a frequency range of 10 mHz to 100 kHz with 10 mV AC amplitude at 25°C. EIS 

measurements were conducted at 0, 100, 500, 1000, 1500, 2000, 2500, and 3000 cycles. Cyclic voltammetry was 

performed at scan rates of 0.1, 0.2, 0.5, and 1.0 mV/s between the cutoff voltages of each chemistry. GITT was 

conducted by applying C/5 current pulses of 10 minutes duration separated by 40-minute relaxation periods 

throughout the full discharge range, enabling calculation of lithium diffusion coefficients as a function of state of 

charge through the Weppner-Huggins equation. 

 

Fig. 3. Cycle life comparison (number of cycles to 80% capacity retention) across five battery chemistries, demonstrating 

LFP's exceptional longevity of approximately 3000+ cycles versus Lead-Acid's 500 cycles. 

4. Results and Discussion 

4.1 Capacity Retention and Cycle Life 

Figure 4 presents the capacity retention curves for LFP and NMC cells at 25°C and 45°C over 3000 

cycles. At 25°C, LFP cells retain 91.3±1.2% of initial capacity at cycle 3000, while NMC cells retain 82.7±2.1% 

— a statistically significant difference (p<0.01, paired t-test) that confirms LFP's superior cycle stability under 

standard conditions. The NMC degradation trajectory shows a non-linear accelerating fade pattern after 

approximately 1500 cycles, consistent with progressive cathode particle cracking exposing fresh NMC surface to 

electrolyte oxidation and CEI layer accumulation. 

Table 1. Summary of Electrochemical Performance Parameters at 25°C and 45°C after 3000 Cycles 

Parameter LFP 25°C NMC 25°C LFP 45°C NMC 45°C 

Capacity Retention (%) 91.3 82.7 85.6 72.4 

Initial Capacity (mAh) 1498 2193 1498 2193 

Round-trip 

Efficiency@C/2 (%) 
97.1 95.8 95.4 92.1 

Initial Rct (mΩ) 18.4 22.1 18.6 22.4 

Rct at 3000 cycles 

(mΩ) 
31.2 67.8 44.3 118.6 

Rct = Charge Transfer Resistance from EIS equivalent circuit fitting; all values mean of n=6 cells 
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Fig. 4. Round-trip Coulombic efficiency (%) over 3000 cycles for Li-Ion NMC, LFP, and Lead-Acid chemistries at 25°C 

(C/2 rate), illustrating LFP's superior efficiency retention and the accelerating degradation of Lead-Acid systems. 

4.2 EIS Degradation Analysis 

Electrochemical impedance spectroscopy provides mechanistic resolution of degradation contributions 

beyond the aggregate capacity fade metric. Nyquist plots were fitted to an equivalent circuit model comprising 

series resistance (Rs, representing current collector and electrolyte resistance), CEI/SEI layer resistance (RSEI) 

with parallel constant phase element (CPESET), charge transfer resistance (Rct) with parallel double layer 

capacitance (Cdl), and Warburg diffusion impedance (W). The LFP cells show 70% increase in Rct from 18.4 to 

31.2 mΩ after 3000 cycles at 25°C, attributable primarily to progressive SEI layer thickening at the graphite anode. 

NMC cells show 207% Rct increase (22.1 to 67.8 mΩ), reflecting both anode SEI growth and cathode CEI 

accumulation from electrolyte oxidation products deposited on the NMC particle surface. 

The temperature effect (25°C vs 45°C) on Rct evolution is dramatically different between the two 

chemistries. LFP Rct at 45°C increases to 44.3 mΩ (141% increase versus 70% at 25°C), consistent with 

accelerated SEI growth kinetics and incipient lithium plating at elevated temperatures under C/2 charging. NMC 

Rct at 45°C reaches 118.6 mΩ after 3000 cycles — a 537% total increase — indicating synergistic CEI and SEI 

degradation driven by electrolyte oxidation at the NMC cathode surface, which proceeds at increasing rates above 

40°C due to the reduced thermodynamic stability of the CEI components. This finding has direct practical 

implications for battery energy storage system design in hot climate Indian deployment scenarios, where LFP's 

relative degradation advantage over NMC is amplified compared to temperate climate benchmarks. 

5. Conclusion 

This comparative cycle-life study provides quantitative electrochemical evidence confirming LFP's 

superior performance for grid-scale stationary energy storage applications relative to NMC622, with 91.3% 

capacity retention after 3000 cycles at 25°C versus 82.7% for NMC, and a dramatically amplified advantage at 

45°C (85.6% LFP versus 72.4% NMC). EIS analysis reveals that NMC's accelerating degradation is dominated 

by cathode-electrolyte interface accumulation driven by NMC surface reactivity with oxidised electrolyte, a 

thermally activated mechanism that is absent in LFP's olivine cathode. GITT-derived lithium diffusion coefficient 

measurements confirm LFP's structural stability through maintained diffusion kinetics over the full cycle range. 

For Indian grid-scale storage projects in high-ambient-temperature regions, the present data support a strong 

preference for LFP chemistry on lifetime energy throughput and total cost of ownership metrics, even accounting 

for LFP's 30% lower gravimetric energy density. Future work will investigate the performance of LFP cells under 

partial depth-of-discharge cycling protocols and variable-rate charging schedules representative of actual 

renewable energy smoothing duty cycles. 
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