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ABSTRACT 

 
The fuel economy of 31 MPG (based on combined city and highway) and Environment labels 

are being affixed to new vehicles after 2013 model year, as mandated by the U.S. Environmental 

Protection Agency.  Most of the fuel-efficient 2016 model year passenger cars are hybrid electric 

vehicles. Hybrids combine the best features of the internal combustion engine with an electric 

motor powered by batteries and can significantly improve fuel economy. Plug-in hybrids are 

plugged into wall outlet for battery recharging or driven by electric motor for relatively longer 

distance.  The all-electric vehicles are propelled by electric motor powered using rechargeable 

battery packs, emitting no tailpipe pollutants.  Among various battery technologies, Li-ion 

battery system is the more preferable one for the automotive applications due to their relatively 

higher energy density.  This review examines various aspects of Li-ion batteries related to 

performance, durability, energy management and safety related to automotive applications. The 

review also discusses about the possibility of automotive Li-Ion batteries towards second life in 

stationary applications.    
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1. Introduction 

 

There are many variants being offered in the vehicle market including micro hybrids, mild 

hybrids, plug-in hybrids (PHEVs) and all-electric vehicles (EVs) with battery systems. A micro 

hybrid vehicle is a system that has the start-stop technology. This allows the vehicle to be started 

by the battery pack, capture energy to be stored into the battery while braking, and the ability to 

support the electrical systems when the internal combustion engine (ICE) is shut off. The mild 

hybrid has same features as that of micro hybrid along with some additional features. These 

features are an electric motor/generator in parallel with the ICE, which can assist when the 

vehicle is coasting, braking or stopped. Although the mild hybrid can assist combustion engine, 

there is no electric-only mode of driving. PHEV has the same features of the mild hybrid 

vehicles with the ability to plug into the electrical grid as well as having an electric-only mode of 

driving. PHEV performance is strongly influenced by powertrain architecture and is classified 

into input split, parallel, series, series-output split and series-parallel. Series configuration has 

higher efficiency in EV mode, but lower efficiency in hybrid mode due to losses in electric 

motor and the parallel configuration has higher efficiency compared to series architecture due to 

lower losses in electric motor [1]. Figure 1 shows the schematic of series and parallel hybrid 

powertrains. The series configuration consists of generator and motor and the traction is only 

provided through motor. Motor receives power either through battery pack or generator operated 

by ICE [2,3]. In the case of parallel architecture, traction is provided by ICE or battery pack in 

tandem arrangement while batteries are recharged through motor/generator during coasting and 

braking. An all-electric vehicle runs solely on the battery system powering the motor. The hybrid 

and electric vehicle markets are being driven by a number of factors such as consumer interest, 

technology, cost, regulatory requirements and a variety of government incentives. These factors 
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are influenced by battery system characteristics such as cell chemistry, energy density, power 

density, cycle life as well as operating conditions.  

 

The type of chemistry is extremely important as it dictates inherent safety, shelf life, battery 

design and so on. Among various battery systems, Pb-acid batteries are relatively less expensive 

among existing automotive battery systems, they use toxic materials and exhibit lowest energy 

density [4].  Ni-Cd batteries on the other hand show higher energy and power density values 

compared to Pb-acid batteries, but the electrode materials are toxic (Cd anode) and expensive. 

Although Ni-MH batteries are better compared to Ni-Cd batteries in terms of energy and power 

densities with environmentally friendly MH anode, the self-discharge is higher and require 

complex charging protocols. LIBs are relatively more expensive than other cell chemistries, but 

they provide the highest energy and power densities as well as longer cycle life and have the 

ability to incorporate smart battery management systems. Figure 2 shows the specific energy 

dependence of specific power with the driving range (per charge) of different cell chemistries 

along with price range per kWh [4]. As indicated in Figure 2, the driving range target would be 

350 miles per charge by 2020 to take on the ICEs.  LIBs perform relatively well in all the 

possible variants (Figure 3) and the additional costs can be overlooked [4].  

 

The major focus of this review is to bring out the salient features of LIBs based on performance, 

cycle life, safety aspects to assess if they can be a cure all for automotive applications. In 

addition, the possibility of using the retired automotive batteries for any stationary applications 

(second life) is also discussed.    
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2. Safety protocols 

Safety has always been a paramount factor when developing and testing the battery system for 

consumer applications in automobiles. As of late, there are safety experiments being carried out 

by researchers, organizations, and automakers to ensure safety of battery systems, but there are 

no unified standards. There might not be standards for battery chemistry because organizations 

base their standards only on a particular battery chemistry or application. For this reason, there 

should be a priority to establish a unified standard for automotive batteries, so that the 

performance and safety could be improved. One possible solution to this problem could be 

creating an international agency or adding authority to an existing agency to regulate automotive 

batteries. Another possible solution is to have pre-existing organizations form into a council that 

governs over a collaborated set of regulations. Possible candidates for the council could be the 

Society of Automotive Engineers, European Norm and the ISO 9000 standards. Further debate 

should be conducted for the hypothetical structure of universal automotive standards.  

 

The main safety tests that are being carried out on automotive batteries are analogous to 

stationary and portable batteries. These tests are most likely being done because regardless of the 

chemistry or application, batteries share a fundamental set of characteristics. The differences in 

battery evaluation only occur due to the application and battery chemistry in which diverse 

tolerances are allowed. In a recent publication on “Are Lithium Ion Cells Intrinsically Safe?” and 

also in another paper by the same group, the batteries have been evaluated for mining 

applications under harsh conditions similar to that an automotive battery could possibly 

experience [5,6]. The experiment had two set-ups with one using the UL Standard 1642 and the 

other being a modified version of the UL 1642 with a 90° plastic wedge. Additionally, the set-up 
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has a controlled atmosphere with moderate level of methane in a temperature range 25 - 40 °C. 

The safety tests revealed that the A123 26650 (LiFePO4) cell was a safer design compared to LG 

Chem ICR18650S2 (LiCoO2). Results also demonstrated that LiFePO4 can withstand physical 

abuse without causing any safety hazards, while LiCoO2 generated instantaneous fire. As far as 

safety requirements are concerned, A123 26650 battery with LiFePO4 cathode can be seen as a 

good choice for automotive applications.    

 

Zaghib et al.[7] studied the safety and performance of the cylindrical battery chemistry of 

LiFePO4, LiMn2O4, and LiNi0.8Co0.15Al0.05O2 to identify the best cell design. The batteries used 

in this experiment could be possible candidates for being used in EVs, because they could 

provide the possible performance needed for automotive applications. One part of the experiment 

was to test the capacity loss after cycling at low and high C-rates while observing the heat 

generation during charging and discharging of the batteries. Furthermore, a crush and nail 

penetration test was also done on all of the battery chemistries mentioned above to examine 

thermal runaway and, if any internal short-circuit was produced. It is interesting to note that 

LiFePO4 provided outstanding safety and good electrochemical performances, while the other 

chemistries are relatively unsafe except LTO/LiCoO2 (see Figure 4). From an overall quality 

standpoint, it appears that LiFePO4 cathode provides comparable characteristics as other lithium 

chemistries, and leads superior safety in hazardous situations.  Hence, LiFePO4 would most 

likely be the best choice in designing a battery pack for an automotive application. There are 

several studies on the design and safety of battery chemistries and how well they perform in 

extreme situations [2-5]. Experiments under real time operating conditions can be an important 
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way to understand the failures of a battery system, but a real world situation may shed light on 

every type of battery failure that an experimental test could not find. 

 

Recently, a Tesla model S reached an unfortunate accident in Norway in which the electric car 

exploded and burst into flames [8]. There have been speculations that the explosion was caused 

by the overcharging of the lithium cells when the car was parked on the supercharging station. 

There was no evidence released on the actual cause of the accident, but there has been a history 

of accidents for the model S due to crashes and charging. In another incident, the Chevy Volt 

caught fire when the vehicle was going through a crash test in late 2011 [9]. This incident made 

consumers concerned on the safety of the EV even though there are not any greater risks 

compared to ICEs. This mishap was valuable to show real life effects when battery technology 

was possibly mistreated. It is essential for automakers to design a battery system that would 

protect from a possible overcharging situation and to design a system to reduce such extreme 

situations to protect society.    

 

Battery fires are extreme circumstances in which conventional methods of dousing the fire with 

water is ineffective because of the specific battery chemistry and its chemical reactions. To 

extinguish the battery fire in the Tesla model S incident, an expensive source of foam laced with 

a copper material would have been required. This retardant would not be economical to produce 

in large scale. Besides the intense fire from the accident, the smoke emanated from the batteries 

produced a toxic fluorine gas along with other toxic gases. Additionally, this incident also 

showed that, it is important to design a safe battery pack that does not pollute the environment. 

This is a perfect example on why there should be a universal safety protocols for automotive 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

8 
 

batteries and the emphasis people should put on testing the chemistry of different batteries [10]. 

LIBs with LTO and LiFePO4/LiCoO2 show higher safety and better thermal stability compared to 

other chemistries as shown in Figure 4. Proper thermal management system has to be in place for 

ensuring safety of the battery system during fast charging as well during any accidents. 

3. Thermal management systems 

The temperature profile of the battery pack plays a crucial role in terms of the performance and 

the safety for automotive applications. As discussed in section 2, there have been incidents of 

EVs going into flame due to battery issues [11,12]. However, fire accidents are more likely in 

ICEs compared to EVs. He et al. [13] carried out an investigation on thermal management of 

A123 26650 battery pack, which was arranged with two cells in parallel and four cells in series. 

This battery pack was subjected to a forced convection cooling with varying air streams of flow 

rates 0, 1, 2.5 and 5 m/s, respectively. While being cooled by different flow rates, the batteries 

were subjected to 1.5C discharge producing a current of 3.45 A. The results of the experiment 

were recorded as well as numerically simulated using commercial CFD software. A validated 

numerical model was utilized to study the power consumption by thermal management system. It 

has been found that the non-uniformity in cell temperature be dominant at downstream cells 

compared to the upstream cells for flow rates of 1 and 2.5 m/s. With increase in wall distance 

from 5 to 17 mm, there was an average drop of 0.4 °C per cell for the same flow rate of air. A 

novel cooling technique using mini-channels surrounding cylindrical cells were numerically 

studied at 5C rate for the battery held at 25 oC [14]. The mass flow rate was held constant 

throughout the channel with inlets at the anode and outlets at the cathode. Temperature gradients 

inside the cell with a liquid cooled cylinder were much lower compared to natural convection or 

no cooling technique. These comparisons were done while attempting to control the maximum 
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cell temperature below 40 °C. An analysis was also performed on the heat transfer enhancement 

of cells, by increasing the number of mini-channels. They deduced the optimum number of 

channels as eight, based on cost of manufacturing and performance of the cooling system. No 

marginal effect is observed with alternating the inlet and outlet flow directions. To maintain 

overall cell temperature below 40 °C at higher discharge rates, micro channels are one of the 

effective ways. 

 

Another passive cooling technique consists of incorporating batteries with phase change 

materials (PCMs) [15]. Less complexity of a design structure provides PCM an advantage over 

active cooling methods.  PCMs act as heat sinks during discharging and store heat in the form of 

latent heat and later when the battery temperature drops, excess heat is released from the 

material. Exothermic reaction is possible due to the high latent heat capacity and thermal 

conductivity of the PCM.  Mills et al. [16] enhanced thermal conductivity of PCMs through two 

orders of magnitude by impregnating porous graphite matrices with paraffin, thus making viable 

choice for thermal management of batteries. Heat pipe have an advantage over active cooling 

method (non-moving parts), hence it is extensively used in thermal management of electronic 

devices [17].  Heat pipes (length: 18 mm) with wick size 0.9 mm were distributed evenly on the 

surface of the battery with a water cooled condenser section to keep the battery temperature < 50 

° C.   

4. Modeling and simulation  

Along with advancements in cathode/anode materials for the LIBs, it is very critical to have high 

fidelity models. Accurate battery models are of paramount importance for EV applications to 

determine State of Charge (SOC), State of Health (SOH), miles per charge and ageing 
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mechanisms. There are several methods to build battery models and are generally classified as 

mathematical, electrochemical, thermal and equivalent circuit models [18 ]. Each Modeling 

technique share advantages and disadvantages over one other as outlined in Table 1, hence 

choice of modeling method is dependent on requirement of the end users. This section focuses on 

equivalent circuit modeling, as it is widely used for EV applications due to its accuracy and less 

complexity. Samadhani et al. [19] proposed equivalent circuit model based on EIS test on 

LiFePO4, LiMn2O4, and Li[NiMnCo]O2 for PHEV applications at various SOCs and 

temperatures. They also developed a Laplace time based model to predict battery output voltage 

during the drive cycle which had a 6% improvement in accuracy compared to Thevenin’s model. 

Universal modeling tool for rechargeable LIBs utilizes equivalent circuit approach and 

parameters of circuits are obtained by charge/discharge curves. The circuit implemented consists 

of resistors and constant phase elements (CPE) in combination and the configuration of the 

circuits are explained elsewhere [20]. 

 

In recent years, extensive research has been carried out to understand EIS of LIBs and to 

comprehend looping at low frequencies, inductive tail at high frequencies and Warburg 

impedance line. Ozawa [21] carried out a study on key materials, cell construction, charge 

characteristics, discharge drain capability, temperature dependence of discharge capacity, cycle 

life, and safety characteristics of C/LiCoO2 system. A noteworthy finding contributed by the 

article is a larger semi-circle in Cole-Cole plot at low frequencies, which is attributed by carbon 

anode, while smaller semi-circle is attributed by cathode surface area. Serrao et al. [22] modeled 

ageing of Ni-MH batteries for hybrid vehicles by using Thevenin’s circuit. Series of pulse 

discharge load applied on battery lead to 2% drop in SOC. Open circuit voltage, other elements 
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of Thevenin’s model are determined by voltage characteristics of the load as detailed elsewhere 

[22]. 

 

Buller et al. [23] have demonstrated accuracy of non-linear, lumped equivalent circuit model of 

LIBs and super-capacitors by using EIS. Simulated results obtained from the equivalent circuit 

model are in good agreement with experimental data. Impedance of the system is strongly 

determined by SOC and temperature, therefore equivalent circuit model using impedance spectra 

is limited to only particular SOC and temperature. Chen et al. [24] adopted a novel run time 

based model to simulate polymer LIB and Ni-MH by neglecting the effect of self-discharge, 

cycle and temperature. Simulated results are in excellent coherence with experiments, showing 

error band of less than 0.4% and voltage response within 30 mV for any load profile. A simple 

equivalent circuit model consisting of resistor in series with a parallel RC network accurately 

predicted the charge and discharge behavior of LIBs [25]. 

5. Lifetime of automotive batteries 

A great concern for auto-makers with regards to EVs is the limitation of the automotive batteries. 

The battery pack has to be able to endure the rigors of daily use in an urban environment as well 

as maintain performance capability over the lifetime of the vehicle. Two influential parameters 

for a battery is capacity and power fade. These parameters show the amount of energy and power 

a pack can sustain over its lifetime. An article on cycling degradation of automotive LIBs sought 

to analyze these effects [26]. Tests that were reported in the article used a prismatic LiFePO4 

battery that was cycled at 3C rate in intervals of 300 cycles. After every 300 cycle, 

characterization tests of capacity measurement, EIS, pulse discharge/charge, and urban 

dynamometer driving schedule (UDDS) driving cycle were implemented at different 
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temperatures. During initial cycling, the results exhibited very low capacity and power fade. 

Temperatures above 50 °C have dominant effect after 600 cycles which increases both capacity 

and power fading. An interesting observation was that the batteries had substantially lower 

capacity and power fading at lower temperatures.  

 

Capasso et al. [27] analyzed the performance of lithium based batteries for electric and hybrid 

EVs in contrast with Pb-acid batteries. The three types of batteries tested were LiFePO4, 

Li[NiCoMn]O2 and Pb-acid. They did a thorough analysis of each chemistry and tested their 

behaviors during a real automotive drive cycle. In this study, they used an urban scooter with 

battery packs connected in conjunction with an eddy current break coupled to an electric motor 

and the scooter was connected in a way to simulate road resistance. A specially designed 

flywheel was incorporated to provide inertia and the complete setup was done to simulate the 

forces a vehicle would produce on its battery pack. Results of this study demonstrated that the 

lithium based technology has the ability to uphold higher capacity, provide a more stable voltage 

profile and achieve higher driving ranges during dynamic driving operations compared to Pb-

acid batteries.   

 

Another study on complex ageing of high-power LiFePO4 cells at different C-rates was 

performed with six different cases to test the cells [28]. Cases one through three were to test 

symmetrical charge and discharge cycling of the cells at different temperatures; case four was to 

test symmetrical cycling at different SOCs at high temperatures; case five was to test the reaction 

of varying rest periods for cells before charge and discharge cycles and the last case was to test 

asymmetric cycling at diverse temperature ranges. It was concluded that battery ageing was 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

13 
 

strongly dependent on high temperatures and higher current rates for symmetric cycling, if a cell 

was at full SOC. It was also concluded that ohmic resistance was proportional to the total rest 

time of the batteries, and dependent on the type of cycling conditions. One of the main findings 

in the article was that the cells with lower SOC attained higher cycle life at higher temperatures 

compared to fully charged cells. The rest period of cells at any SOC or temperature level is 

hurtful to the life of the cell. On average, asymmetric charging and discharging was found to be 

detrimental to the health of the cell. Analysis on the lifetime estimation of LiFePO4 cells 

concluded that the chemistry would have a long calendar lifetime [29]. The cycle life is expected 

to reach as high as 8000 cycles at room temperature and power degradation between 3.27 - 5.59 

% was determined to be very low when under EVs drive cycles. Based on this observation, it 

was deduced that capacity fading would be the leading factor in loss of driving range compared 

to power fading for EVs.   

 

Another study was conducted on a simplified LIB lifetime model based on experimental Prius 

PHEV usage data for the repercussion of battery related wear to cost [30]. They determined the 

best conditions to charge an automotive battery to improve the degradation versus cost aspect in 

designing a vehicle. It was judged that charging during low electricity price intervals, having a 

low charge rate, charging at a low SOC and avoiding vehicle to grid applications ensured the 

best life to cost for the battery. The outcome of this study was to provide trends on improving the 

performance and lifetime of the battery and these results could be applied from smaller PHEV 

batteries to larger EV batteries. A good way to preserve the lifetime and health of the battery is 

by investing in a proper battery management system that monitors and tracks battery systems. 
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6. Battery management systems 

Battery management system (BMS) plays a critical role in monitoring SOC, SOH and estimating 

driving range of EVs. Performance of BMS is dependent on fidelity of battery model and is 

needed to respond to power demands based on driving patterns and road conditions. Li-ion based 

batteries have some apparent limitations which include varying capacity fade, degradation from 

excessive usage, thermal run-away and over charge/discharge. A well-designed BMS is critical 

to assure not only the safety and performance, but the longevity of LIBs as well. A BMS has 

several key functions encompassing cell protection, charge control, SOC/SOH estimation and 

monitoring, cell-balancing, interface and so on. Cell protection is the most fundamental function 

of BMS to protect the battery from unfavorable operations and abuse out of the tolerance 

conditions. Once an overcharge or under discharge, a short circuit, or thermal runaway is 

detected, the BMS must automatically shut down the battery. IC manufacturers such as Texas 

Instruments, Linear Technology, Maxim Integrated and so on, who concentrate on the battery 

management applications can provide complete solutions to BMS designers including charging 

control, fuel gauge indication, monitor and protection. 

 

For a BMS, SOC can provide precise estimation of battery life and the current capacity state of 

the cell to the user, which enables battery to perform the optimal charge or discharge profiles.  

Cheng et al.[31] focuses on the SOC development for EVs and a BMS is proposed in the article 

consisting of measurement of cell voltage, current, temperature, battery algorithm for SOC/SOH 

estimation, cell-equalization, thermal management and other various functional modules. The 

SOC estimation from this model, which is further corrected by the Kalman filtering method, has 

been verified by conducting experiments on LiFePO4 batteries with extremely good agreement 
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(98 %). In terms of over-temperature protection, positive temperature coefficient (PTC) resistors 

are typically used to prevent overheating in commercial LIBs. However, these external devices 

tend to fail when responding to fast thermal runaway. Chen et al. [32] dedicated to develop a fast 

and thermal-responsive polymer switching material consisting of graphene-coated spiky nickel 

nanoparticles mixed in a thin film with a high thermal expansion coefficient. Under abnormal 

conditions like overheating, the battery can be shut down rapidly by reducing the conductivity of 

electrodes, and the battery can resume the regular function spontaneously once the temperature 

becomes normal. The new material has 103 - 104 times higher sensitivity compared to 

conventional devices.  

 

For EV applications, the battery system normally contains thousands of single cells stacked in 

series or parallel to achieve high power capability. Tesla model S, one of the most popular EVs in 

the market, consists of 7, 104 Li-ion cells in 16 modules which provide the total power of 85 

kWh [ 33 ]. However, in a multi-cell pack, even small differences between cells due to 

manufacturing and working conditions can be gradually magnified by imbalances between cells 

in the pack during charge and discharge cycles. An unbalanced cell could be driven to 

overcharge or under discharge which would prematurely age the cell and eventually lead to 

irreversible failure. All these factors make cell-balancing significant to the BMS. Typically, two 

different equalization methods are employed; passive and active.  The passive method with no 

active control is applied to Pb-acid and Ni-based batteries, while the active method can be 

implemented to LIBs. In a recent review article, Javier et al.[34] compared the main active cell 

balancing methods for most configurations including cell bypass, cell to cell, cell to pack, pack 

to cell and so on. For cell to cell, it was concluded that switching capacitors and double-tiered 
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switching capacitors are the best options. A new structure of switching capacitors was 

investigated to increase balancing speed [35]. The literature analyzed the reason for slow speed 

of conventional switching capacitors and found that the cause is due to the energy transfer 

between near and far away cells. By using additional switches and capacitors, the proposed chain 

structure effectively overcomes the defect of conventional cell balancing circuit. Another 

consideration to BMS is the communication interface attached to external systems or devices. 

Controller Area Network (CAN) bus with two-wire configuration is the communication protocol 

for automotive systems. The combination of data and clock wires varies with components and 

devices [36]. There are various subsystems running in a modern vehicle like engine control, 

transmission, ABS, cruise control and BMS.  

 

7. Environmental and resource analysis 

As per the EPA report [37,38], ground transportation accounts for the second largest emission of 

CO2 followed by the electricity generation through fossil fuels in the United States. Hence EVs 

are being advocated to reduce greenhouse emissions significantly (see Figure 5) as the battery 

technology has better prospects and potential to reduce the demand on fossil fuels [39]. Vehicle 

architecture plays an important role in greenhouse gas emissions, parallel PHEV are favorable 

over series PHEV due to higher fuel economy and higher efficiency. Significant reduction in 

petroleum consumption is evident with plug-in EVs over ICEs and they widely vary based on the 

size of the car, driving and charging mode as studied by Bardley et al.[40]. Life cycle assessment 

is one of the ways to analyze environmental impacts and resources involved and extensively used 

in EV studies [41-43]. Thiel et al.[44] carried out a comparative study on cost, wheel to wheel 

analysis of CO2 production by gasoline, diesel, electric and hybrid vehicles for European market 
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in the year 2010. Their analysis showed that the advanced ICEs emit highest CO2 of 160 g/km, 

whereas it is 145, 88 and 60 g/km for advanced diesel vehicles, PHEVs and EVs, respectively. 

Maclean et al.[45] have addressed issues on making light duty PHEVs more greener, especially 

on areas like extraction of raw materials, recycling and challenges associated with them. 

Environmental burden of electric mobility using LIBs ranging from Li- extraction, electrode 

production till the entire cell packing along with disposal of batteries were studied by Notter et 

al.[46]. They state that global warming potential index is higher for cathode and its collector than 

anode. It was concluded that LIB production has very negligible impact on environment while 

operation phase is the dominant source of environmental burden. 

 

Samaras et al. [43] reported for the first time greenhouse gas emissions during battery production 

and detailed life cycle assessments on PHEVs, HEVs and conventional vehicles. Assessment is 

conducted by considering fuel economy of 30 mpg for the case on conventional vehicle and 45 

mpg for PHEVs and EVs. Average CO2 intensity produced by electrical grids is 920 g/kWh for 

worst case during intensive loading on grid.  In order to effectively reduce CO2 emissions, it is 

necessary to have paradigm shift toward carbon free electricity generation and battery operated 

vehicles [47]. Accelerated technological development in commercializing EVs operated using 

LIBs raises concern on the future demands of lithium reserves as well. Lithium deposits are 

found in the form of brines, pegmatites and sedimentary rocks and the largest source of brines is 

located at Atacama in Chile followed by China and Australia [48]. Pegmatite is another good 

source of lithium found in Australia, China and Zimbabwe [49]. Although Pegmatite constitutes 

higher Li concentration compared to brines, cost of production of lithium carbonate is relatively 

higher compared to brines [50]. Study states a 6 % increase in the worldwide lithium production 
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in the year 2014. Prices of lithium have fairly remained constant ranging from USD 1800-2000 

per metric ton from 2011-2014, due to balanced increase in worldwide lithium consumptions 

[51]. Global lithium resources are reported ca. 39 million tons, but the projected demand for the 

period 2010-2100 is about 20 million tons as reported by Gruber et al.[50]. Wanger [52] raised 

warning on depletion of Li by 2020 with extensive demand of EVs and electronic devices in 

coming future and it appears that he is absolutely wrong. In order to evade surge in Li prices, 

efforts have to be made to recycle Li. Although Li- recycling will not prevent depletion of 

resources, efforts have to be made towards alternative energy sources like metal-air batteries, 

bioelectric batteries or hydrogen fuel cell operated vehicles.  

8. Futuristic energy systems 

The future of automotive energy systems will likely to be a blend of technologies such as fuel 

cells, ultra-capacitors/electrochemical capacitors, and LIBs with complimentary features of 

energy and power. With extensive research and development on the energy materials, the initial 

cost of the automotive system is becoming affordable, both in the battery and fuel cell operated 

vehicles (Tesla Model 3, Toyota Mirai and so on) [53]. Considering the fuel economy and the 

fuel prices, consumers can benefit from long-term ownership of EVs. There are two likely 

options of furthering the performance of futuristic energy storage devices. The first method is to 

continue research in advancing LIB chemistries that are well known, while the alternative 

method would be to invest the resources that are available into developing greater energy 

potential chemistries. Thackeray et al. [53] believed that the latter would provide the best results 

to develop Li metal based batteries such as Li-sulfur and Li-air. Currently, rechargeable aqueous 

and non-aqueous Li-air batteries have been paid lot of attention as they show larger specific 

energy compared to advanced LIBs [ 54 ]. However, they suffer from issues due to 
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decompositions of the electrolytes and carbon electrodes during recharging at cell voltages 

higher than 4 V. Further, the decomposition products lead to passivation of the air cathode and 

increase in polarization losses, ultimately limiting reversible formation and decomposition of the 

Li2O2 [55,56]. Liu et al.[57] demonstrated large capacity and highly efficient Li-O2 batteries 

using reduced graphene oxide electrode with LiI additive. The authors have demonstrated good 

cycle life with low capacity fading over a wider range of cycling rates.   

Present, research and development efforts are focused on developing highly efficient and cost 

effective bi-functional air electrode materials. Na-ion batteries are also gaining momentum to 

replace LIBs owing to better safety, low cost, high abundance of Na metal. In order for the Na-

ion batteries to become commercially viable, the development is required in materials level to 

improve the reversibility as well as enhancing the ionic conductivity of electrolytes  [58,59]. 

 

Theoretically, all metal based Lithium chemistries provide large energy densities compared to 

present LIBs, which is why they are very attractive for future EV applications. The problem that 

arises is the poor cycle life, lithium dendrite growth, lithium electrode deterioration from 

sulfur/oxygen, and hazards of working with lithium metal. Advancements are being made to 

remedy these problems by developing new types of electrolyte solvents like ether based 

technology [53]. As for future development, there are opportunities to use the growth of 

computing power to refine metal based battery chemistry along with experimental work. The 

cost reduction and the establishment of the infrastructure that can support these vehicles will 

depend on the market and the consumers. Trends discussed in other articles indicate the necessity 

to reduce the reliance on diminishing fossil fuel supplies, and cultural awareness of preserving 

the environment.  
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Vehicle electrification patents could be a practical insight on what the possible future of 

automotive batteries in the market could turn out to be. An article has been written on finding 

patterns in EV mobility and they categorized their patent search in four section. These four 

categories are raw materials, cell components, battery system and vehicle [60]. It was taken into 

consideration that these four groups should have a convergence of automotive, chemical and 

electronics when filter the patents collected. In the last ten years, there has been an exponential 

trend in all four sections of patents with cell components being the highest. Within the four 

classifications, automotive and electronics make up more than 90% of EV related patents, and 

more than half of cell components and battery systems with a major focus on battery 

manufacturing towards automotive application. By looking at these patents, one can see the 

direction of battery technology in the market and how a good amount of these patents are in 

research and development. It appears that the trend of the battery future is towards the 

electrification of automotive applications. Evidently, the EVs and the PHEVs from various 

automakers use (or plan to use) advanced LIBs for meeting the EPA requirements at the 

affordable price. Table 2 consolidates the specifications of latest EVs, PHEVs and Hybrid with 

LIBs along with pricing (source: Respective Automaker’s website). 

9. Second life usage 

Second life usage is where batteries serve in a new system, as they can no longer maintain the 

expected performance of the vehicles. Although, the second life battery applications are at the 

early stages of development, the market for second life batteries will most likely to grow 

proportionally with EV market because of the fact that retired automotive batteries can be 

gathered to supply second life needs. It should be vital that second life batteries are harnessed to 
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support the ecosystem of electric utilities, off-grid energy, discount savings for consumers, and 

other tertiary systems that could use the battery [61]. There are many factors that influence 

second life batteries such as the SOHs, costs (new battery, repurposing and recycling) and so on. 

For example, the decision of when the battery pack should be retired depends on the range 

requirements and battery cost. As for second battery use in the utility sector, the possible cost 

savings can significantly be high for electric service power quality application. The other 

applications such as transmission support and long duration wind generation have also been 

reported to have appealing cost savings [62]. In addition, there are many opportunities for second 

life batteries in multitude of applications such as off-grid stationary photovoltaic systems, wind 

power, geothermal, hydroelectric and ocean energy systems [62, 63]. As of now, the price of 

second life batteries could vary widely by region and by customer. Nevertheless, the price for 

second life batteries will stabilize when society sees the benefits and a system of organizing the 

cost saving has been incorporated into the utility system. It is expected that the utility 

applications for second life will grow exponentially with rapidly increasing EV deployments in 

the industrialized nations. 

10. Conclusion 

In order to attain the EPA fuel economy target, various types of vehicles including micro 

hybrids, mild hybrids, PHEV and EV with battery systems are available in the market.  The 

review examined various battery systems based in the requirement for automotive applications 

and found the LIB system is the leader in performance, durability and safety.  Even though the 

current cost of the LIBs is extremely high, the R&D trend shows that it could significantly 

reduce to $ 100-200 per kWh. In addition, it is seemingly visible that the automotive LIBs can be 

used in various stationary applications living their second life, off-setting the initial costs. 
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Among various LIB chemistries, LTO/LiFePO4 is most viable system considering cycle life and 

safety, even though they suffer with lower specific energy and power densities followed by LTO/ 

LiCoO2 based system, although they are expensive compared to other LIBs. From the 

economical and safety perspectives with fairly good electrochemical performance, C/LiFePO4 

would be the best candidate for PHEVs/HEVs applications. LiMn2O4 based chemistry offers high 

energy and power density but offers lower cycle life, lower thermal stability and safety. Table 3 

summarizes overall performance characteristics of various LIBs based on practical energy 

density, cycle life and safety relevant for automotive applications. In order to achieve higher 

miles per charge, we would need battery system with at least 2-3 times higher energy density 

compared to current state of the art LIBs. Promising candidates to meet future energy density 

requirement would be Li-O2, Li/S, Li/metal halides, however there still remains challenges to 

improve cycle life of these batteries [68]. 

Even though the LIBs are relatively expensive, they exhibit the highest energy along with longer 

cycle life. In addition, they have the possibility to incorporate smart battery management systems 

for improved safety. Hence it is projected that the LIBs will be able to meet 350 miles range by 

2020 in EVs.   Based on the current technology and the research trend, LIBs are the Panacea for 

the EV applications. 
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 Table 1. Advantages and disadvantages of several modeling techniques for LIBs. 

 

 

Modeling Technique Advantage Disadvantage Reference 

Equivalent Circuit 
model  

Relatively simpler 
Construction and lesser 
computational time. 

Limited to only for 
specific operating 
conditions of the battery 
(100 %-SoC at RT) 

[18] 

Mathematical Model 
(Kinetic Battery 
Model) 

Intuitive model, simpler 
construction, easier to 
determine rate capability 
of the battery. 

Limited to only constant 
charge and discharge 
load, not accurate for 
transient load. 

[19] 

Electrochemical-
Thermal model 

A physics based approach 
involves set of coupled 
electrochemical and 
thermal PDEs, which are 
solved numerically.  

This model has high 
accuracy and virtual 
measurement of internal 
state quantities is possible. 

Computationally 
expensive. 

[18] 
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Table 2. Specifications of EVs, PHEVs and Hybrid with LIBs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vehicle 

Model 

Type 

of 

Vehicle 

Starting 

Price of 

Vehicle 

(MSRP) 

Mile 

Range 

(mi) 

Miles per 

Gallon 

Equivalent 

Battery 

Pack 

Size 

(kWh) 

Horsepower 

(HP) 

Nissan 
Leaf 

(2016) 

EV $29,010 107 126 city, 
101 

highway 

24-30 107 

BMW i3 
(2016) 

EV $42,400 81, 150 
Range 

Extender 

137 city, 
111 

highway 

22 170 

Tesla 
Model S 
(2015) 

EV $69,900 208-270 101 city, 
102 

highway 

60-85 329-691 

Tesla 
Model 3 
(2017?) 

EV $35,000 215-300?       

Hyundai 
Sonata 
(2016) 

PHEV $34,600 27 
electric, 

600 
combined 

40 city, 44 
highway 

9.8 202 

Chevrolet 
Volt 

(2016) 

PHEV $33,170 53 
electric, 

420 
combined 

106 
(electric), 
42 (gas) 

18.4 149 

Toyota 
Prius 

(2016) 

Hybrid $24,200 11 
electric, 

540 
combined 

54 city, 50 
highway 

0.75   130 

Table 2



  Table 3. Performance characteristic of various LIB systems [64-67]. 

 

Battery system Practical Energy Density 

(Wh/kg) 

Cycle life Safety 

C/LiCoO2 110-190 500-1000 Poor 
C/LiMn2O4 100-120 1000 Safer 
C/LiFePO4 90-115 > 3000 Very safe 

LTO/LiCoO2 70-75 >4000 Extremely safe 
LTO/LiFePO4 ~ 70 >4000 Extremely safe 

Table 3


