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ABSTRACT
This work analyzes the performance of different lithium-ion battery chemistries for application in electric vehicles. Six different
lithium-ion batteries were evaluated, including lithium iron phosphate, nickel metal hydride, and lead-acid batteries. Key performance factors
analyzed include energy density, power density, cycle life, maximum charging rate, cost per kWh, and operating temperature range. Battery
performance was modeled for hybrid and pure electric vehicles over a standardized driving cycle. Results showed lithium iron phosphate
batteries offered the best overall performance in terms of high cycle life, high power and energy density, ability to charge at higher C-rates,
and lower cost per kWh stored. An optimal charging C-rate was determined for each battery chemistry.
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1. Introduction
Anselma (2022): Developed an energy management strategy using slope-weighted rapid control analysis to optimize plug-in hybrid
electric vehicle control and meet smooth driving constraints. Bai & Liu (2021): Provided an overview of energy harvesting technologies in
hybrid electric vehicles, including waste heat recovery, mechanical energy recovery from braking and vibration, and integration of alternative
fuels and renewable energy.De Silva et al. (2024): Proposed a system dynamics model to analyze vehicle fleet transformation strategies towards
energy efficiency and low-carbon development in Sri Lanka. Dimitrovar & Nader (2022): Investigated using a PEM fuel cell as an auxiliary power unit
in a hybrid electric vehicle to extend driving range.Forster et al. (2023): Studied design and operation strategies for sustainable hybrid hydrogen and electric
charging infrastructure microgrids.Guo et al. (2022): Developed an eco-driving and energy management co-optimization control strategy for hybrid electric
tracked vehicles.Han et al. (2023): Analyzed the impact of battery models on model predictive control-based energy management strategy for plug-in hybrid
electric vehicles. Hemmati et al. (2021): Proposed an integrated optimization approach for cabin heating, powertrain operation and after-treatment thermal
management in connected hybrid electric vehicles.Jui et al. (2024): Reviewed machine learning approaches for optimal energy management strategies in hybrid
electric vehicles.Mahmud et al. (2023): Reviewed global challenges and future electric vehicle charging infrastructure prospects.Maroto Estrada et al. (2023):
Used deep learning to develop energy management strategies for hybrid electric vehicles.Mazzeo & Di Ilio (2024): Analyzed hybrid fuel cell/battery systems
for a lightweight helicopter for urban air mobility applications.Naqvi et al. (2024): Reviewed integrated electronic control unit development strategies in the
internet of electric vehicles for mobility energy efficiency.Peng et al. (2023): Developed an online hierarchical energy management strategy for fuel cell hybrid
power systems in heavy-duty transportation.Sadiq Okoh & Chidi Onuoha (2024): Discussed the challenges of using electric vehicles to promote energy efficiency
in Africa's clean energy transition.Sandrini et al. (2023): Applied solid oxide fuel cells in fleet hybrid electric vehicle operations.Saray et al. (2024): Developed
an optimization model to maximize renewable energy usage for electric metrobuses.Tribioli & Bella (2021): Provided an overview of hybrid electric vehicle
system design, modeling and energy management. Waseem et al. (2023): Reviewed fuel cell hybrid electric vehicles including current status, challenges, policies
and future prospects.Yang et al. (2023): Reviewed energy management strategies for hybrid electric vehicles and aircraft. Yang et al. (2023): Proposed a deep
reinforcement learning based energy management strategy for a hybrid electric flying car.Zhang et al. (2023): Conducted a multi-perspective evaluation of plug-
in hybrid electric vehicle architectures for fuel economy in China.Zhang et al. (2022): Reviewed hybrid power systems and intelligent energy
management for unmanned aerial vehicles.Zhang et al. (2024): Developed a hierarchical eco-driving control strategy for connected automated
fuel cell hybrid vehicles.Zhou et al. (2020): Proposed a multi-objective energy management strategy using online learning enhanced Markov
speed prediction for fuel cell electric vehicles. This work models various lithium-ion batteries paired with electric drivetrains in a hybrid electric
vehicle (HEV) and a pure EV platform over an industry-standard driving cycle. Performance factors, including range, charging requirements,
battery lifespan, and cost competitiveness, are evaluated for each battery chemistry. Optimal charging rates are determined and compared. The
minimum driving distance required to recover the investment in the electric propulsion system is also analyzed [ 25-41].
2. Materials and Methods
This study scrutinized six distinct lithium-ion battery chemistries alongside conventional counterparts, encompassing a spectrum of
capacities from 2.3Ah to 100Ah. Among these were lithium iron phosphate (LiFePO4) variants, including A123 Systems' 18650 and 26650
batteries, Thunder Sky's LFP20AHA, and Winston Battery's WB-LFY90AHA, each boasting capacities ranging from 2.3Ah to 90Ah.
Additionally, Nickel Metal Hydride (NiMH) batteries, exemplified by the Uniross Hybrio 2700 with a 2.7Ah capacity, and Lead Acid (PbA)
batteries, such as the Classic Enersol 100 with a 100Ah capacity, were included. Comprehensive technical specifications from manufacturers,
encompassing parameters like nominal voltage, energy density, internal resistance, and cycle life, were compiled for each battery type. To
assess both battery and full system performance, MATLAB/Simulink modeling was deployed, adopting a backward-facing approach. Utilizing
the European standard NEDC driving cycle, encompassing urban and extra-urban phases, simulations were conducted to determine critical
factors like vehicle range, energy consumption, and cost competitiveness.
3. Experimental Setup and Procedure
By inserting the appropriate values into this formula, one can calculate the vehicle's mixed fuel consumption, providing a useful metric for
comparing the fuel efficiency of different vehicles under standardized conditions. To calculate the fuel consumption of an internal combustion
engine during city or extra-urban routes, the same calculation is performed, entering only the fuel mass and route distance.The procedures for
conducting tests and the cycle itself are defined by the following standards, incorporating the most recent updates or extensions to previous
standards (Canalheira, 2010). A modular battery test system from Arbin Instruments was used as the core instrumentation. The Arbin BT-2000
battery cycler allows for fully automated battery charge/discharge cycling and data logging of currents, voltages, temperatures, and capacities.
It can source and measure currents up to S00A at voltages up to 20V. The lithium-ion cells were mounted to a temperature-controlled plate with
resistance heaters and cooled via a recycled chiller unit. Type K thermocouples contact the cell surface and monitor temperature. The Arbin
cycler was configured to cycle the cells while controlling temperature to the desired setpoints.To quantify capacity and energy density, the cells
were discharged at C/5 rate down to the minimum voltage threshold. Capacities in amp-hours were logged during the discharges. Energies in
watt-hours were calculated by integrating power. Volumetric and gravimetric densities were determined from cell dimensions and masses. To
evaluate maximum charge/discharge rates, the cells were cycled from 100% to 0% state of charge at progressively higher C-rates, logging
capacity retention and temperature increases. Maximum rates resulting in 90% capacity retention were identified. For cycle life testing, the
cells were put through continuous charge-discharge cycles between fixed state of charge limits at a 1C rate. Cycles were logged until capacity
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dropped to 80% of initial rated capacity. Thermal characterizations were performed by applying repeated 20-second 1C discharge pulses from
100% to 0%, logging the surface temperature rise. Cooling periods allowed temperatures to return to ambient before the next pulse.The
experimentally obtained performance metrics were compared to manufacturer specifications and simulation results to validate the computer
models. The experiments provided additional insights into the lithium-ion cells' real-world limitations and operating constraints.

3. Results and Discussion
The simulations and experiments provided extensive insights into the performance tradeoffs between the analyzed lithium-ion battery
chemistries. Key findings are discussed below. The A123 26650 lithium iron phosphate battery delivered the best overall system performance
for the hybrid electric vehicle application. It required the shortest distance of 171,618 km to recover the investment in the electric propulsion
system when charged at 5C rate. Lower charge rates extended the recovery distance significantly. This battery provided a good balance of high
power density to capture regenerative braking energy, long cycle life for durability, and low cost per kWh stored. Figure 1 shows the evolution
of the distance that needs to be covered to recoup the investment of the electric propulsion system in the hybrid electric vehicle with A123
batteries (1). It can be seen that the minimum investment in the electric propulsion system is for a battery charging current range of 4.2C to
5C, costing €8776 and having to travel a distance of 286700 kilometers to recover the investment in the electric propulsion system. It is also
verified that as the charging current decreases it will be necessary to travel a longer distance to recoup the investment, for example, for 0.2 C
you will have to travel 572714593 kilometers to recoup the investment. Figure 2 shows the evolution of the distance required to recoup the
investment of the electric propulsion system in the hybrid electric vehicle, with A123 batteries (2). It can be seen that the minimum investment
in the electric propulsion system is for a battery charging current range of 4.2C to 5C, costing €5254 and requiring a distance of 171618
kilometers to travel a distance of kilometers to recoup the investment in the electric propulsion system. It is also verified that as the charging
current decreases it will be necessary to travel a greater distance to recover the investment, that is, at 0.2 C you will have to travel 204112931
kilometers to recover the investment. Figure 3 shows the evolution of the distance needed to cover to recoup the investment of the electric
propulsion system in the hybrid electric vehicle, with Thunder Sky batteries. It can be seen that the minimum investment in the electric
propulsion system is in a battery charging range of 2C to 5C, costing €5385 and having to travel a distance of 182501 kilometers to recoup the
investment in the electric propulsion system. It is also verified that as the charging current decreases, it will be necessary to travel a longer
distance to recover the investment, that is, at 0.2C the investment made in the electric propulsion system is not recoverable, and the investment
can be recovered from a charge current of 0.3C. Figure 4 shows the evolution of the distance required to recoup the investment of the electric
propulsion system in the hybrid electric vehicle, with Winston Battery batteries. It can be seen that the minimum investment in the electric
propulsion system is in a battery charging range of 0.4C to 5C, costing €23070 and having to travel a distance of 21583348 kilometers to
recoup the investment in the electric propulsion system. It is also verified that as the charging current decreases, it will be necessary to travel
a longer distance to recover the investment, that is, at 0.2C and 0.3C the investment made in the electric propulsion system is not recoverable,
and the investment can be recovered from a charge current of 0.4C.
5 Conclusions
This work presented a comparative evaluation of lithium-ion battery performance for electric vehicle applications. A hybrid and pure electric
vehicle were modeled using standardized drive cycles to analyze key factors like vehicle range, charging requirements, battery lifespan, and
cost-competitiveness. Modeling and laboratory experiments characterized lithium iron phosphate, nickel metal hydride, and lead acid batteries.
The results demonstrated that lithium iron phosphate batteries provide the best overall system performance for hybrid and pure electric vehicles
among the evaluated chemistries. Benefits include high power and energy density, fast charging capability, long cycle life exceeding 1 million
cycles, and falling cost per kWh as production scales. This enables affordable vehicles with a practical driving range. For the hybrid application,
the A123 26650 lithium iron phosphate battery required the shortest driving distance to recover the investment in the electric propulsion system.
The A123 18650 cell achieved the lowest cost per km driven at an optimal 0.5C charging rate for the pure electric vehicle. Experiments
validated the simulated performance, with lithium iron phosphate able to charge continuously at up to 5C rates with 90% capacity retention.
However, high charge rates increased temperatures significantly, requiring thermal management.In conclusion, lithium iron phosphate batteries
provide an excellent, economically viable solution for vehicle electrification among current lithium-ion chemistries. Further energy density,
cost, and charging rate improvements will help continue the broader adoption of electric vehicles. Continued research into emerging advanced
lithium-ion chemistries and battery management systems will yield additional gains in the future.
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