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DISCLAIMER 

The views expressed within this paper are the authors’ and do not necessarily reflect those of the organizations 

they are affiliated with, its members, nor any employee or persons acting on behalf of any of them. In addition, 

none of these make any warranty, expressed or implied, assumes any liability or responsibility for the accuracy, 

completeness or usefulness of any information, apparatus, product or process disclosed or represents that its use 

would not infringe privately owned rights, including any party’s intellectual property rights. References herein to 

any commercial product, process, service or trade name, trade mark or manufacturer does not necessarily 

constitute or imply any endorsement, or recommendation or any favoring of such products. 

 

1- Introduction 

Transport sector has an important contribution on global carbon emission. In EU Transport sector is the second 

most greenhouse gases emitting sector with 24,3% [1]. Share of the road transport is more than 70%. The 

situation for the World is similar.  Therefore, major car manufacturing countries have declared special regulations 

and objectives in order to decrease these high emission ratios.  EU regulation requires fleets to have 95 g CO2/km 

cap by 2020. US and Japan has also challenging targets. These targets can only be achieved by partial 

introduction of electric vehicles to fleets. For this reason, most major manufacturers have already introduced their 

electric vehicle cars, and they have plans to develop further.  

The countries have set some objectives to achieve. However, when they are investigated these objectives have to 

be revised when the deadlines come closer. In 2011 US has put an objective of reaching 1 million elecric vehicles 

by 2015. However, the total of all the electric vehicles according to the report of IEA in 2015 is 665,000 [2]. The 

numbers and range is also very different between different resrach companies. 2020 estimation for market share 

of electric vehicles changes from 2% to 25% according to different research organizations. 

An important reason for such wide range of estimation and discrepancies on achievment of objectives are due to 

the major bottlenecks for electric vehicle introduction to the market. Main technical road block is the battery 

technology. A 24 Kwh Li_Ion Battery for around 100 miles range for a compact vehicle, costs around 8,400 $ with 

a weight of around 200 kg’s. Charging time is also much above of that customers are used to for petrol powered 

vehicles.   

Another major road block is charging infrastructure and smart grid systems, which is also in a way related to the 

battery technology.  

In order to estimate the future of electric vehicles, it is necessary to estimate future of electric vehicle batteries. In 

this report an attempt will be made to estimate the future cost and main performance spesifications of electric 

vehicle batteries. Then an estimation regarding the possible sales volumes of electric vehicles could be done in a 

more secure manner. 

 

2- Technology Forecasting Methods 

Estimating the future of a new technology is not an easy task. Technology development is a discontinuous 

process. For this reason, forecasting is to be done with extensive and detailed analysis. 

Conventional methods for technology forecasting are, 

1- Delphi Methodoloy 

2- S-Curve Methodology 

For Delphi methodology, an expert management group is selected. This group selects the experts team on the 

subject. Prepares the survey questions. Contacts the experts and gets the answers for the survey. Analyses the 

results, conduct a second iteration and if necessary a third. Then writes the report analysing the results of the 



iteration as well. The success of this methodology depends very much on the selection of the experts, and how 

much they are ready to share the information.  

S-Curve methodology is more analytic method. Several performance indicators can be taken to draw s-curve, like 

performance of the technology level, number of patents, number of articles written etc.  The values are plotted up 

to the present and the rest is estimated by using Meyer Formula.  When using this method, taxonomy, and 

following up of possible technology discontinuties are important. Otherwise, the results could be very much out of 

range. 

In the first part of the study a detailed literature survey will be conducted in order to find about about possible 

future Technologies and determine the key words for patent research and S-Curve methodology.   

 

3- Electric Vehicle Battery Characteristics and Technology 

A battery is a device that converts the chemical energy contained in its active materials directly into electric 

energy by means of an electrochemical oxidation-reduction (redox) reaction. In the case of a rechargeable 

system, the battery is recharged by a reversal of the process. This type of reaction involves the transfer of 

electrons from one material to another through an electric circuit.  While the term ‘‘battery’’ is often used, the basic 

electrochemical unit being referred to is the ‘‘cell.’’ A battery consists of one or more of these cells, connected in 

series or parallel, or both, depending on the desired output voltage and capacity [3]. The cell consists of three 

major components: 

1. The anode or negative electrode—the reducing or fuel electrode—which gives up electrons to the external 

circuit and is oxidized during the electrochemical reaction. 

2. The cathode or positive electrode—the oxidizing electrode—which accepts electrons from the external circuit 

and is reduced during the electrochemical reaction. 

3. The electrolyte—the ionic conductor—which provides the medium for transfer of charge, as ions, inside the cell 

between the anode and cathode. The electrolyte is typically a liquid, such as water or other solvents, with 

dissolved salts, acids, or alkalis to impart ionic conductivity. Some batteries use solid electrolytes, which are ionic 

conductors at the operating temperature of the cell. 

The most advantageous combinations of anode and cathode materials are those that will be lightest and give a 

high cell voltage and capacity. Such combinations may not always be practical. However due to reactivity with 

other cell components, polarization, difficulty in handling, high cost, and other deficiencies, in a practical system, 

the anode is selected with the following properties in mind: efficiency as a reducing agent, high coulombic output 

(Ah/ g), good conductivity, stability, ease of fabrication, and low cost. Practically, metals are mainly used as the 

anode material. Zinc has been a predominant anode because it has these favorable properties. Lithium, the 

lightest metal, with a high value of electrochemical equivalence, has become a very attractive anode as suitable 

and compatible electrolytes and cell designs have been developed to control its activity The cathode must be an 

efficient oxidizing agent, be stable when in contact with the electrolyte, and have a useful working voltage. 

Oxygen can be used directly from ambient air being drawn into the cell, as in the zinc/air battery. However, most 

of the common cathode materials are metallic oxides. Other cathode materials, such as the halogens and the 

oxyhalides, sulfur and its oxides, are used for special battery systems. The electrolyte must have good ionic 

conductivity but not be electronically conductive, as this would cause internal short-circuiting. Other important 

characteristics are nonreactivity with the electrode materials, little change in properties with change in 

temperature, safety in handling, and low cost. Most electrolytes are aqueous solutions, but there are important 

exceptions as, for example, in thermal and lithium anode batteries, where molten salt and other nonaqueous 

electrolytes are used to avoid the reaction of the anode with the electrolyte. Physically the anode and cathode 

electrodes are electronically isolated in the cell to prevent internal short-circuiting, but are surrounded by the 

electrolyte. In practical cell designs a separator material is used to separate the anode and cathode electrodes 

mechanically. The separator, however, is permeable to the electrolyte in order to maintain the desired ionic 

conductivity. In some cases the electrolyte is immobilized for a nonspill design. Electrically conducting grid 

structures or materials may also be added to the electrodes to reduce internal resistance[3]. 

Electrochemical cells and batteries are identified as primary (nonrechargeable) or secondary (rechargeable), 

depending on their capability of being electrically recharged. Primary cells or batteries are not capable of being 



easily or effectively recharged electrically and, hence, are discharged once and discarded. The general 

advantages of primary batteries are good shelf life, high energy density at low to moderate discharge rates, little, 

if any, maintenance, and ease of use. Secondary or rechargeable cells or batteries can be recharged electrically, 

after discharge, to their original condition by passing current through them in the opposite direction to that of the 

discharge current. They are storage devices for electric energy and are known also as ‘‘storage batteries’’ or 

‘‘accumulators.’’ The applications of secondary batteries fall into two main categories: 

1. Those applications in which the secondary battery is used as an energy-storage device, generally being 

electrically connected to and charged by a prime energy source and delivering its energy to the load on demand. 

Examples are automotive and aircraft systems, emergency no-fail and standby (UPS) power sources, hybrid 

electric vehicles and stationary energy storage (SES) systems for electric utility load leveling. 

2. Those applications in which the secondary battery is used or discharged essentially as a primary battery, but 

recharged after use rather than being discarded. Secondary batteries are used in this manner as, for example, in 

portable consumer electronics, power tools, electric vehicles, etc., for cost savings (as they can be recharged 

rather than replaced), and in applications requiring power drains beyond the capability of primary batteries. 

Secondary batteries are characterized (in addition to their ability to be recharged) by high power density, high 

discharge rate, flat discharge curves, and good low-temperature performance. Their energy densities are 

generally lower than those of primary batteries. Their charge retention also is poorer than that of most primary 

batteries, although the capacity of the secondary battery that is lost on standing can be restored by recharging[3]. 

Operation of A Cell  

Discharge: When the cell is connected to an external load, electrons flow from the anode, which is oxidized, 

through the external load to the cathode, where the electrons are accepted and the cathode material is reduced. 

The electric circuit is completed in the electrolyte by the flow of anions (negative ions) and cations (positive ions) 

to the anode and cathode, respectively [3]. 

 

 

Figure 1. Discharge of an electrochemical cell 

 

Negative electrode: anodic reaction (oxidation, loss of electrons) 

Positive electrode: cathodic reaction (reduction, gain of electrons) 

Charge: During the recharge of a rechargeable or storage cell, the current flow is reversed and oxidation takes 

place at the positive electrode and reduction at the negative electrode. As the anode is, by definition, the 



electrode at which oxidation occurs and the cathode the one where reduction takes place, the positive electrode is 

now the anode and the negative the cathode[3]. 

 

 

Figure 2. Charge of an electrochemical cell 

 

Negative electrode: cathodic reaction (reduction, gain of electrons) 

Positive electrode: anodic reaction (oxidation, loss of electrons) 

Characteristics of Batteries 

Free Energy: Whenever a reaction occurs, there is a decrease in the free energy of the system, which is 

expressed as 

G = -nFE 

where 

F = constant known as Faraday (96.500 C or 26,8 Ah) 

n = number of electrons involved in stoichiometric reaction 

E = standard potential, V 

Theoretical Voltage: The standard potential of the cell is determined by the type of active materials contained in 

the cell. It can be calculated from free-energy data or obtained experimentally. A listing of electrode potentials 

(reduction potentials) under standard conditions is given in table. The standard potential of a cell can be 

calculated from the standard electrode potentials as follows  

(the oxidation potential is the negative value of the reduction potential): 

Anode (oxidation potential) - cathode (reduction potential) = standard cell potential. 

The cell voltage is also dependent on other factors, including concentration and temperature, 

as expressed by the Nernst equation. 

Theoretical Capacity (Coulombic): The theoretical capacity of a cell is determined by the amount of active 

materials in the cell. It is expressed as the total quantity of electricity involved in the electrochemical reaction and 

is defined in terms of coulombs or ampere-hours. The ‘‘ampere-hour capacity’’ of a battery is directly associated 

with the quantity of electricity obtained from the active materials. Theoretically 1 gram-equivalent weight of 



material will deliver 96,487 C or 26.8 Ah. (A gram-equivalent weight is the atomic or molecular weight of the active 

material in grams divided by the number of electrons involved in the reaction.)  

The theoretical capacity of an electrochemical cell, based only on the active materials participating in the 

electrochemical reaction, is calculated from the equivalent weight of the reactants 

Table 1. Voltage, capacity and specific energy of major battery systems 

Battery Type Anode Cathode V g/Ah Ah/kg Specific 

Energy 

Wh/kg 

Nominal 

Voltage 

V 

Specific 

Energy 

Wh/kg 

Energy 

Density 

Wh/L 

Primary Batteries 

Lelanche Zn MnO2 1.6 4.46 224 358 1.5 85 165 

Magnesium Mg MnO2 2.8 3.69 271 759 1.7 100 195 

Alkaline MnO2 Zn MnO2 1.5 4.46 224 358 1.5 145 400 

Mercury Zn HgO 1.34 5.27 190 255 1.35 100 470 

Mercad Cd HgO 0.91 6.15 163 148 0.9 55 230 

Silver Oxide Zn AgO2 1.6 5.55 180 288 1.6 135 525 

Zinc/O2 Zn0 O2 1.65 1.52 658 1085 - - - 

Zinc/air Zn Ambient 

air 

1.65 1.22 820 1353 1.5 370 1300 

Li/SOCl2 Li SOCl2 3.65 3.25 403 1471 3.6 590 1100 

Li/SO2 Li SO2 3.1 2.64 379 1175 3.0 260 415 

LiMnO2 Li MnO2 3.5 3.50 286 1001 3.0 230 535 

Li/FeS2 Li FeS2 1.8 1.38 726 1307 1.5 260 500 

Li/(CF)n Li (CF)n 3.1 1.42 706 2189 3.0 250 635 

Li/I2 Li I2(P2VP) 2.8 4.99 200 560 2.8 245 900 

Reserve Batteries 

Cuprous Chloride Mg CuCl 1.6 4.14 241 386 1.3 60 80 

Zinc/silver oxide Zn AgO 1.81 3.53 283 512 1.5 30 75 

Thermal  Li FeS2 2.1-

1.6 

1.38 726 1307 2.1-1.6 40 100 

Secondary Batteries 

Lead Acid Pb PbO2 2.1 8.32 120 252 2.0 35 70 

Edison  Fe Ni Oxide 1.4 4.46 224 314 1.2 30 55 

Nickel Cadmium Cd Ni Oxide 1.35 5.52 181 244 1.2 35 100 

Nickel-zinc Zn Ni Oxide 1.73 4.64 215 372 1.6 60 120 

Nickel-hydrogen H2 Ni Oxide 1.5 3.46 289 434 1.2 55 60 

Nickel-metal 

hydride 

MH Ni Oxide 1.35 5.63 178 240 1.2 75 240 



Silver-zinc Zn AgO 1.85 3.53 283 524 1.5 105 180 

Silver-cadmium Cd AgO 1.4 4.41 227 318 1.1 70 120 

Zinc/chlorine Zn Cl2 2.12 2.54 394 835 - - - 

Zinc/bromine Zn Br2 1.85 4.17 30* 572 1.6 70 60 

Lithium ion LixC6 Li(x-

2)CoO2 

4.1 9.98 100 410 4.1 150 400 

Lithium/manganese 

dioxide 

Li MnO2 3.5 3.50 286 1001 3.0 120 265 

Lithium/iron 

disulfide 

Li(Al) FeS2 1.73 3.50 285 493 1.7 180 350 

Lithium/iron 

monosolfide 

Li(Al) FeS 1.33 2.90 345 459 1.3 130 220 

Sodium/sulfur Na S 2.1 2.65 377 792 2.0 170 345 

Sodium/nickel 

chloride 

Na NiCl2 2.58 3.28 305 787 2.6 115 190 

 

 

Theoretical Energy: The capacity of a cell can also considered on an energy (watthour) basis by taking both the 

voltage and the quantity of electricity into consideration. This theoretical energy value is the maximum value that 

can be delivered by a specific electrochemical system: 

Watthour (Wh) = voltage (V) * ampere-hour (Ah) 

Specific Energy And Energy Density: The maximum energy that can be delivered by an electrochemical 

system is based on the types of active materials that are used (this determines the voltage) and on the amount of 

the active materials that are used (this determines ampere-hour capacity). In practice, only a fraction of the 

theoretical energy of the battery is realized. This is due to the need for electrolyte and nonreactive components 

(containers, separators, electrodes) that add to the weight and volume of the battery. Another contributing factor 

is that the battery does not discharge at the theoretical voltage (thus lowering the average hours). Further, the 

active materials in a practical battery are usually not stoichiometrically balanced. This reduces the specific 

energy(Wh/kg)  and energy density (Wh/L) because an excess amount of one of the active materials is used. 

 



 

Figure 3. Theoretical and specific energy of battery systems 

 

Figure 4. Comparison of the energy storage capability of various battery systems (a) primary batteries (b) 

secondary batteries 

The specific energy delivered by these batteries, based on the actual performance when discharged under 

optimum conditions, does not exceed 450 Wh/kg, even including the air-breathing systems. Similarly, the energy 



density values do not exceed 1000 Wh/L. It is also noteworthy that the values for the rechargeable systems are 

lower than those of the primary batteries due, in part, to a more limited selection of materials that can be 

recharged practically and the need for designs to facilitate recharging and cycle life [3]. 

Factors Affecting Battery Performance 

Many factors influence the operational characteristics, capacity, energy output and performance of a battery. 

Furthermore it should be noted that even within a given cell or battery design, there will be performance 

differences from manufacturer to manufacturer and between different versions of the same battery (such as 

standard, heavy-duty, or premium).  Manufacturers’ data should be consulted to obtain specific performance 

characteristics. 

Voltage Level: Different references are made to the voltage of a cell or battery. theoretical voltage,  open-circuit 

voltage,  closed-circuit voltage, nominal voltage, working voltage, average voltage, midpoint voltage and end or 

cut-off voltage are used to determine the voltage level of a battery discharge. When a cell or battery is discharged 

its voltage is lower than the theoretical voltage. The difference is caused by IR losses due to cell (and battery) 

resistance and polarization of the active materials during discharge.  

Current Drain of Discharge:  As the current drain of the battery is increased, the IR losses and polarization 

effects increase, the discharge is at a lower voltage, and the service life of the battery is reduced. At extremely 

low current drains the discharge can approach the theoretical voltage and theoretical capacity. 

 

 ‘‘C’’ Rate A common method for indicating the discharge, as well as the charge current of a battery, is the C rate, 

expressed as 

I  = M *Cn  

where  

I =  is expressed (A) 

Cn = is the rated capacity declared by the manufacturer (Ah) 

n = is the time base in hours for which the rated capacity is declared 

For example, a battery rated at 5 Ah at the 5 hour discharge rate (C5 (Ah)) and discharged at 0.1It(A) will be 

discharged at 0.5 A or 500 mA. 

Mode of Discharge: Constant current, constant load and constant power discharge modes are used to discharge 

a battery. The mode of discharge of a battery, among other factors, can have a significant effect on the 

performance of the battery. For this reason, it is advisable that the mode of discharge used in a test or evaluation 

program be the same as the one used in the application for which it is being tested. 

Temperature of Battery During Discharge: The temperature at which the battery is discharged has a 

pronounced effect on its service life (capacity) and voltage characteristics. This is due to the reduction in chemical 

activity and the increase in the internal resistance of the battery at lower temperatures. Both the specific 

characteristics and the discharge profile vary for each battery system, design, and discharge rate, but generally 

best performance is obtained between 20 and 40C. At higher temperatures, the internal resistance decreases, 

the discharge voltage increases and, as a result, the amperehour capacity and energy output usually increase as 

well. On the other hand, chemical activity also increases at the higher temperatures and may be rapid enough 

during the discharge (a phenomenon known as self-discharge) to cause a net loss of capacity 

Type of Discharge: When a battery stands idle after a discharge, certain chemical and physical changes take 

place which can result in a recovery of the battery voltage. Thus the voltage of a battery, which has dropped 

during a heavy discharge, will rise after a rest period, giving a sawtooth shaped discharge. This can result in an 

increase in service life. However, on lengthy discharges, capacity losses may occur due to self-discharge. 

Charging Voltage: If a rechargeable battery is used (for example, as a standby power source) in conjunction with 

another energy source which is permanently connected in the operating circuit, allowance must be made for the 



battery and equipment to tolerate the voltage of the battery on charge. The specific voltage and the voltage profile 

on charge depend on such factors such as the battery system, charge rate, temperature, and so on. The charging 

source must also be designed so that its output current is regulated during the charge to provide the needed 

charge control for the battery. 

Battery Age and Storage Condition: Batteries are a perishable product and deteriorate as a result of the 

chemical action that proceeds during storage. The design, electrochemical system, temperature, and length of 

storage period are factors which affect the shelf life or charge retention of the battery. The type of discharge 

following the storage period will also influence the shelf life of the battery. As self-discharge proceeds at a lower 

rate at reduced temperatures, refrigerated or low-temperature storage extends the shelf life and is recommended 

for some battery systems. Refrigerated batteries should be warmed before discharge to obtain maximum 

capacity. Self-discharge can also become a factor during discharge, particularly on long-term discharges, and can 

cause a reduction in capacity. Some battery systems will develop protective or passivating films on one or both 

electrode surfaces during storage. These films can improve the shelf life of the battery substantially. However, 

when the battery is placed on discharge after storage, the initial voltage may be low due to the impedance 

characteristics of the film until it is broken down or depassivated by the electrochemical reaction. This 

phenomenon is known as ‘‘voltage delay’’ [3]. 

Batteries for Electric and Hybrid Electric Vehicles 

There are a lot of applications for the advanced and rechargeable batteries. Electric and hybrid electric vehicles 

are the new technologies for one of the new and evolving applications. In addition the performance, life and cost 

requirements for the batteries used in electrical and hybride electrical vehicles are becoming increasingly more 

rigorous. Commerially available batteries may not be able to meet these performance requirements. Thus, a need 

exists for both conventional battery technology with improved performance and advanced battery technologies 

with characteristics such as high energy and power densities, long life, little or no maintenance and a high degree 

of safety. 

Battery performance requirements are application dependent. For example, electric vehicle batteries need: (1) 

high specific energy and energy desity to provide adequate vehicle driving range; (2) high power density to 

provide acceleration; (3) long cycle life with little maintenance; and (4) low cost. On the other hand, batteries for 

hybride electrical vehicles require: (1) very high specific power and power density to provide acceleration; (2) 

capability of accepting high power repetitive charges from regenerative breaking; (3) very long cycle life with no 

maintenance under shallow cycling conditions; and (4) moderate cost.  

The major advantages of the use of electric vehicles (EVs) and hybrid electric vehicles (HEVs) are reduced 

dependence on fossil fuels and environmental benefits. For electric vehicles, energy from electric utilities or 

renewable sources would be used for battery charging. These facilities can be operated more efficiently and with 

better control of effluents than automotive engines. Hybrid vehicles are expected to require less fuel per mile of 

travel than current vehicles. This not only results in lower petroleum consumption, but also in lower emissions of 

undesirable pollutants [3]. 

 
Table 2. The USABC criteria for performance of electric-vehicle batteries [4]. 

End of Life Characteristics at 30C Units System Level Cell Level 

Peak Discharge Power Density, 30 s Pulse W/L 1000 1500 

Peak Specific Discharge Power, 30 s Pulse W/kg 470 700 

Peak Specific Regen Power, 10 s Pulse W/kg 200 300 

Useable Energy Density @ C/3 Discharge Rate Wh/L 500 750 

Useable Specific Energy @ C/3 Discharge Rate Wh/kg 235 350 

Useable Energy @ C/3 Discharge Rate kWh 45 N/A 

Calendar Life Years 15 15 

DST Cycle Life Cycles 1000 1000 

Selling Price @ 100K units $/kWh 125 100 

Operating Environment C -30 to +52 -30 to +52 

Normal Recharge Time Hours ˂7 Hours, J1772 ˂7 Hours, J1772 

High Rate Charge Minutes 80%SOC in 15 min 80%SOC in 15 min 

Maximum Operating Voltage V 420 N/A 

Minimum Operating Voltage V 220 N/A 

Peak Current, 30 s A 400 400 



Unassisted Operating at Low Temperature % ˃70% Useable Enery @ 
C/3 Dicharge rate at -

20C 

˃70% Useable Enery @ 
C/3 Dicharge rate at -

20C 

Survival Temperature Range, 24 H C -40 to +66 -40 to +66 

Maximum Self-Discharge % month ˂1 ˂1 

 
 
The severity of the performance requirements for EV batteries is typified by the Dynamic Stress Test (DST) to 

which batteries developed with USABC funding were subjected. One cycle for the DST is shown in Fig. 5 The 

DST simulates the pulsed power charge (negative percentage, required for regenerative braking) and discharge 

(positive percentage, for acceleration and cruising) environment of electric vehicle applications and is based on 

the Federal Urban Driving Schedule (FUDS) automotive test regime. The power levels are based on the 

maximum rated discharge power capability of the cell or battery under test. The vehicle range on a single 

discharge can be projected from the number of repetitions a battery can complete on the DST before reaching the 

discharge cut-off criteria. This test provides more accurate cell or battery performance and life data than constant-

current testing because it more closely approximates the application requirements. 

 

 
Figure 5. Typical cycle of dynamic stress test for electrical vehicle batteries 

 
The technical targets that were released by the USABC for HEV batteries and PHEV are shown in Table 3 and 

Table 4. 

 
Table 3. USABC goals for advanced batteries for 48V Hybride Electrical Vehicle Applications [5]. 

Characteristics Units Target 

Peak Pulse Discharge Power (10 sec) kW 9 

Peak Pulse Discharge Power (1 sec) kW 11 

Peak Regen Pulse Power (5 sec) kW 11 

Available Energy for Cycling Wh 105 

Minimum Round-trip Energy 
Efficiency 

% 95 

Cold Cranking Power at -30C kW 6 Kw for 0.5s followed by 4Kw for 
4s 

Accessory Load (2.5 minute duration kW 5 

CS 48V HEV Cycle Life Cycles/MWh 75,000/21 

Calendar Life, 30C year 15 



Maximum System Weight kg 8 

Maximum System Volume Liter 8 

Maximum Operating Voltage Vdc 52 

Minimum Operaitng Voltage Vdc 38 

Minimum Voltage during Cold Crank Vdc 26 

Maximum Self-discharge Wh/day 1 

Unassisted Operating Temperature 
Range (Power available to allow 5s 
charge and 1s discharge pulse) at 
min. And max. Operating SOC and 
Voltage 

C -30 to +52 

30C - 52C kW 11 

0C kW 5.5 

-10C kW 3.3 

-20C kW 1.7 

-30C kW 1.1 

Survival Temperature Range C -46 to +66 

Max System Production Price @ 250k 
units/yr 

$ $275 

Table 4. USABC goals for advanced batteries for PHEVS for FY 2018 to 2020 Commercialization [6]. 

Characteristics Units PHEV-20 Mile PHEV-40 Mile xEV-50 Mile 

Commercialization Timeframe  2018 2018 2020 

AER Miles 20 40 50 

Peak Pulse Discharge Power (10 sec) kW 37 38 100 

Peak Pulse Discharge Power (2 sec) kW 45 46 110 

Peak Regen Pulse Power (10 sec) kW 25 25 60 

Available Energy for CD (Charge Depeleting) 
Mode 

kWh 5.8 11.6 14.5 

Available Energy for CD (Charge Sustaining) 
Mode 

kWh 0.3 0.3 0.3 

Minimum Round-trip Energy Efficiency % 90 90 90 

Cold Cranking Power at -30C, 2 sec -3 Pulses kW 7 7 7 

CD Life/Discharge Throughput Cycles/MWh 5000/29 5000/58 5000/72.5 

CS HEV Cycle Life, 50 Wh Profile Cycles 300,000 300,000 300,000 

Calendar Life, 30C year 15 15 15 

Maximum System Weight kg 70 120 150 

Maximum System Volume Liter 47 80 100 

Maximum Operating Voltage Vdc 420 420 420 

Minimum Operaitng Voltage Vdc 220 220 220 

Maximum Self-discharge %/mounth ˂1 ˂1 ˂1 

Systems Recharge Rate at 30C kW 3.3(240V/16A) 3.3(240V/16A) 6.6(240V/32A) 

Unassisted Operating & Charging Temperature 
Range 

C -30 to +52 -30 to +52 -30 to +52 

30C - 52C % 100 100 100 

0C % 50 50 50 

-10C % 30 30 30 

-20C % 15 15 15 

-30C % 10 10 10 

Survival Temperature Range C -46 to +66 -46 to +66 -46 to +66 

Max System Production Price @ 100k units/yr $ $2,200 $3,400 $4,250 

 
 
 
A number of battery chemistries and technologies are being explored and developed in order to meet the 

requirements described in the previous section. These activities can be categorized as follows: 

1. Near-term activities to improve the performance of existing conventional technologies for use within the next 

few years. 



2. Mid-term activities to complete the development of those advanced battery technologies that are not 

commercialized but, with necessary progress, can be introduced to the market within 5–10 years. 

3. Long-term activities to develop new electrochemical technologies, such as refuelable batteries and fuel cells, 

which offer the potential of higher energy and power, but which require significant development before 

commercialization. 

Significant effort has gone into the development of many advanced batteries for these applications. In recent 

years, decisions were made to focus on lead-acid, nickel-metal hydride, and lithium-ion. These technologies have 

become the most likely to be used in either EVs or HEVs due to a combination of performance capability, safety, 

life, and cost. Earlier development of high temperature and flowing electrolyte technologies for EVs or HEVs has 

been mostly redirected or discontinued due to these decisions. 

 

 
 
 
 
 
 
Table 5. Rechargeable battery systems and refuelable technologies  

Rechargeable battery systems and refuelable technologies 

Conventional battery systems 

     Lead-acid  

     Nickel-iron 

     Nickel-hydrogen 

     Nickel-cadmium 

     Nickel-zinc 

     Nickel-metal hydride 

     Zinc/silver oxide 

Aqueous batteries 

     Metal/air 

          Iron/air 

          Zinc/air 

     Flow Batteries 

          Zinc/chlorine 

          Zinc/bromine 

          Iron/chromium redox 

         Vanadium redox 

          Polysulfide bromine redox  

High temperature batteries 

     Lithium/sülfür 

     Lithium-aluminum/iron sulfide 

     Lithium-aluminum/iron disulfide 

     Sodium/sülfür 

     Sodium/metal chloride 

Lithium ambient-temperature batteries 

     Liquid electrolyte 

     Lithium-ion 

     Lithium-polymer 

     Refuelable systems 

     Fuel cells 

     Zinc/air batteries 

     Aluminium/air batteries 

     Lithium/air batteries 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6. Comparative data for rechargeable battery technologies  

Tehnology Cycle 
life, 
cycles 

Confiuration Specific 
Energy, 
Wh/kg 

Energy 
Density, 
Wh/L 

Specific 
Power, 
W/kg 

Applications Advantages/ 
Disadvantages 

Lead-acid 800 Cell 35 80 200 Electric/hybri
de vehicles, 
utility energy 
storage, 
consumer 

Commercially 
available, no 
maintenance/lo
w spesific 
energy 

Nickel-cadmium 1000 Cell 35 80 260 Electric/hybri
de vehicles, 
aerospace, 
consumer 

Commercially 
available/low 
energy, high 
cost 

Nickel-metal 
hydride 

900 Cell 65 220 850 Electric/hybri
de vehicles, 
aerospace, 
consumer 

High specific 
power/high cost 

Nickel-iron 1000 Cell 30 60 100 Industrial Commercially 
available/ high 
maintenance, 
significant H2 
evoluation 

Nickel-hydrogen 2000 Cell 55 60 100 Aerospace, 
military 

Long life/ very 
high cost, high 
self-discharge 

Zinc/silver oxide  40-50 Cell 90 180 500 Aerospace, 
military 

High spesific 
energy and 
power/ high 
cost, very short 
life 

Zinc/bromine 1250 Battery 65 60 90 Utility energy 
storage 

Low cost/ low 
specific energy 
density 

Zinc/air Mech. 
Reach. 

Battery  150 160 95 Industrial Mod. specific 
energy/short 
life, low sp. 
Power  

Regenesys 
(polysulfide/bro
mine) 

2000 Battery 20 20 - Utility energy 
storage 

Very large scale 

Vanadium-redox 3000 Battery 10 10 - Utility energy 
storage 

Very large scale 

Sodium/sulfur 1500 Cell 170 345 250 Utility energy High spesific 



storage energy and 
energy 
density/high 
temperature 

 1000 Battery 115 170 240   

Li-C/LiCoO2 600 Cell 155 410 - Consumer, 
electric/hybrid 
vehicles, 
utility storage 

High specific 
energy/ 
uncertain cost 

Li-C/LiN1-xCoxO2 400 Cell 150 400 - Consumer, 
electric/hybrid 
vehicles 

High specific 
energy 

Li-C/LiMnO4 

(polymer 
electrolyte) 

600 Cell 140 300 - Consumer, 
electric/hybrid 
vehicles 

High specific 
energy/ 
development 
needed 

Li/MnO2 (liquid 
electrolyte) 

300 Cell 120 265  Consumer High specific 
energy safety 
concern 

 
 
 

Near-Term Rechargeable Batteries 

The major candidates for the electric vehicle (EV), hybrid electric vehicle (HEV) and electric utility applications in 

the near term are those rechargeable battery technologies that are now available commercially. Many of these 

have been improved over the last decade to meet the needs of the emerging applications. Further improvement 

may, in most cases, be necessary to effect economic viability. 

Lead-Acid Batteries: Of the currently commercialized battery chemistries, the lead-acid battery is the most 

widely used and economical and has an established manufacturing base. It is being used in both mobile and 

stationary applications. Its main disadvantage is low specific energy. Lead-acid batteries with improved 

performance are being developed for EVs and HEVs. High surface area electrodes with thin active material layers 

are being investigated using materials and designs such as lightweight fiber-glass reinforced lead wire grids, thin 

metal foils, bipolar plates, forced-flow electrolyte systems and unique cell assemblies. Methods for fast charging 

lead-acid batteries are being developed as the ability to rapidly recharge batteries in as little as an hour is 

considered an important factor for the acceptance of electric vehicles. 

Nickel-based Batteries: Nickel-cadmium batteries are being considered for use in large HEVs such as city buses 

and for electric utility storage applications. They offer good power density, maintenance free operation over a 

wide temperature range, long cycle life, and a relatively acceptable self-discharge rate. Another advantage is their 

capability for rapid recharge. The specific energy of the nickel-cadmium battery is higher than that of the lead-acid 

battery but, as with most nickel batteries, their initial cost is much higher. Their longer cycle life may offset some 

of this cost on a life cycle basis. New electrode developments such as plastic-bonded and nickel foam electrodes 

promise to improve performance and reduce costs. The use of cadmium presents environmental challenges that 

will have to be resolved. 

Some of these limitations are overcome by the nickel-metal hydride battery. This battery has characteristics 

similar to the nickel-cadmium battery, but it is cadmium-free and has a higher specific energy, about twice that of 

the nickel-cadmium battery. It is comparable to the nickel-cadmium battery in power density, although there is a 

more pronounced voltage drop at very high rates. It also requires more careful charge control to prevent 

overcharge and overheating. Costs should be similar to those of other nickel batteries. 

Nickel-metal hydride batteries are currently the energy storage system of choice for many of the developers of 

hybrid electric cars and light trucks. Several commercial HEVs, including the Toyota Prius and the Honda Insight, 

are using nickel-metal hydride batteries as their energy storage system. 

Nickel-hydrogen batteries have been used primarily in satellite applications. They are highly reliable, have a long 

cycle life, and are able to tolerate deep discharges. They have a high initial cost due to expensive catalysts used 

in the hydrogen electrode and the requirement that the cell container be a high pressure vessel. Their low 

volumetric energy density and high self-discharge rate as well as the need to store hydrogen in the interior of the 



cell are barriers to the wider deployment of this system. Attempts have been made to employ this system in load-

levelling applications, but they were unsuccessful. 

Advanced Rechargeable Batteries: Advanced rechargeable batteries can be classified into three main types: 

advanced aqueous electrolyte systems, or as they are more-commonly known, flow batteries; high-temperature 

systems; and ambient-temperature lithium batteries. 

Flow Batteries 

These advanced aqueous-electrolyte battery systems have the advantage of operating close to ambient 

temperature. Nevertheless, complex system design and circulation of electrolyte are needed to meet performance 

objectives. Work on developing flow batteries started with the invention of the zinc/chlorine hydrate battery in 

1968. This system was the subject of development for EV and electric utility storage applications during from the 

early-1970s to the late-1980s in the United States, and from 1980 to 1992 in Japan, but has now been abandoned 

in favor of other flow battery chemistries that appear more attractive. Three main types of flow batteries continue 

to be developed: zinc /bromine, vanadium-redox, and Regenesys. 

 

 

Zinc/Bromine Batteries: The zinc /bromine battery technology is currently being developed primarily for 

stationary energy storage applications. The system offers good specific energy and design flexibility, and battery 

stacks can be made from low-cost and readily available materials using conventional manufacturing processes. 

Bromine is stored remotely as a second-phase polybromide complex that is circulated during discharge. Remote 

storage limits self-discharge during standby periods. An added safety benefit of the complexed polybromide is 

greatly reduced bromine vapor pressure compared to that of pure bromine. 

Vanadium Redox Batteries: Another type of aqueous flowing electrolyte system is the redox flow technology. 

There are several systems of this type, only one of which, the vanadium redox battery or VRB as it is known, has 

any significant development continuing as of 2001. Work on this category of flow battery started with a 

development program at NASA17 on a system using FeCl3, as the oxidizing agent (positive) and CrCl2, as the 

reducing agent (negative). The aim of this work was to develop the redox flow batteries for stationary energy 

storage applications. The term ‘‘redox’’ is obtained from a contraction of the words ‘‘reduction’’ and ‘‘oxidation.’’ 

Although reduction and oxidation occur in all battery systems, the term ‘‘redox battery’’ is used for those 

electrochemical systems where the oxidation and reduction involves only ionic species in solution and the 

reactions take place on inert electrodes. This means that the active materials must be mostly stored externally 

from the cells of the battery. Although redox systems are capable of long life, their energy density is low because 

of the limited solubility of the active materials typically involved. 

High-Temperature Systems 

High-temperature systems operate in the range of 160 to 500C and have high-energy density and high specific 

power compared to most conventional ambient-temperature systems. The negative electrode material is an alkali 

metal, such as lithium or sodium, which has a high voltage and electrochemical equivalence. Aqueous 

electrolytes cannot be used because of the chemical reactivity of water with alkali metals. Molten salt or solid 

electrolytes that require high temperatures are used instead. Benefits are high ionic conductivity, which is needed 

for high power density, and insensitivity to ambient temperature conditions. However, high operating temperatures 

also increase the corrosiveness of the active materials and cell components and thereby shorten the life of the 

battery. Also, thermal insulation is needed to maintain operating temperatures during standby periods. The main 

high-temperature battery systems are the sodium/ beta and lithium / iron sulfide systems: 

Sodium/Beta Batteries: The sodium/ beta battery system includes designs based on either the sodium/ sulfur or 

the sodium/metal chloride chemistries. The sodium/ sulfur technology has been in development for over 30 years 

and multi-kW batteries are now being produced on a pilot plant scale for stationary energy storage applications.  

At least two 8 MW/40 MWh sodium/sulfur batteries have been put into service for utility load leveling by TEPCO in 

Japan. 



Sodium/Nickel Chloride  Batteries: Sodium/nickel chloride is a relatively new variation of the sodium/ beta 

technology and was being developed mainly for electric-vehicle applications. There has not been nearly the effort 

on this chemistry as on the sodium/sulfur battery. 

Sodium/Sulfur and Sodium/Metal Chloride: Sodium/sulfur and sodium/metal chloride technologies are similar 

in that sodium is the negative electrode material and beta-alumina ceramic is the electrolyte. The solid electrolyte 

serves as the separator and produces 100% coulombic efficiency. Applications are needed in which the battery is 

operated regularly. Sodium/nickel chloride cells have a higher opencircuitvoltage, can operate at lower 

temperatures, and contain a less corrosive positive electrode than sodium/ sulfur cells. Nevertheless, 

sodium/nickel chloride cells are projected to be more expensive and have lower power density than sodium/ sulfur 

cells. 

Lithium/Iron Sulfide Batteries: The lithium iron sulfide rechargeable battery system is another high-temperature 

system and must be operated above 400C so that the salt mixture (LiCl-KCl) used as an electrolyte remains 

molten. The negative electrode is lithium, which is alloyed with aluminum or silicon, and the positive electrode can 

be either iron monosulfide or iron disulfide. No development is being performed on these technologies at this time 

because room temperature battery systems are showing comparable performance. 

 

 

 

Ambient-Temperature Lithium Batteries 

Rechargeable lithium batteries, which operate at or near ambient temperature, have been and continue to be 

developed because of their advantageous energy density and charge retention compared to conventional 

aqueous batteries. The lithium-ion version of this chemistry has been commercialized for consumer electronics 

and other portable equipment in small button and prismatic cylindrical sizes. The attractive characteristics of 

rechargeable lithium batteries make them promising candidates for aerospace, electric vehicles, and other 

applications requiring high-energy batteries. High energy and power densities have been achieved with 

rechargeable lithium batteries, despite the lower conductivity of the organic and polymer electrolytes that are used 

to ensure compatibility with the other components of the lithium cell. Scaling up to the sizes and power levels, and 

achieving the cycle life required for electric vehicles and maintaining the high degree of safety needed for all 

batteries, remains a challenge. 

A number of different approaches are being taken in the design of rechargeable lithium batteries. The 

rechargeable lithium cell that can deliver the highest energy density uses metallic lithium for the negative 

electrode, a solid inorganic intercalation material for the positive electrode, and an organic liquid electrolyte. 

Manganese dioxide appears to be the best material for the positive electrode based on performance, cost, and 

toxicity. Poor cycle life and safety, however, are concerns with this type of battery because the porous, high 

surface- area lithium that is plated during recharge is highly reactive and susceptible to forming dendrites which 

could cause internal short-circuiting and they are no longer marketed commercially. 

Another approach is the use of a solid polymer electrolyte. These electrolytes are considered to have a safety 

advantage over the liquid electrolyte because of their lower reactivity with lithium and the absence of a volatile 

and sometimes flammable electrolyte. These electrolytes, however, have a lower conductivity that must be 

compensated for by using thinner electrodes and separators and by having larger electrode areas.  

The approach that has been commercialized successfully for portable-sized batteries is the ‘‘lithium-ion’’ battery. 

This battery uses a lithiated carbon material in place of metallic lithium. A lithiated transition metal intercalation 

compound is used for the positive active material, and the electrolyte is either a liquid aprotic organic solution or a 

gel polymer electrolyte. Lithium ions move back and forth between the positive and negative electrodes during 

charge and discharge. As metallic lithium is not present in the cell, lithium-ion batteries are less chemically 

reactive and are safer and have a longer cycle life than other options. These systems require battery 

management circuitry to prevent overcharge, overdischarge and to provide cell balancing and other safety 

features. Larger lithium-ion batteries, in sizes up to 100 Ah, are under development. 



The ambient temperature lithium battery technologies, especially the lithium-ion, are among the most promising 

for EVs, HEVs, electric utility energy storage, and other such applications. The scaling, safety, life issues, and 

cost remain a significant challenge to their use in these emerging applications. 

Refuelable Batteries 

Another category of aqueous battery systems is the metal-air battery. These batteries are noted for their high 

specific energy as they utilize ambient air as the positive active material, and light metals, most commonly 

aluminum or zinc, as the negative active material. Except for the iron/air battery, on which earlier development 

work for EV applications has now been abandoned, metal-air batteries have either limited capability for recharge, 

as for zinc/air, or they cannot be electrically recharged at all, as in the case of the aluminum/air system. 

The zinc/air system is commercially available as a primary battery. For EV and other applications, there are 

efforts underway to develop a ‘‘mechanically’’ rechargeable battery where the discharged electrode is physically 

removed and replaced with a fresh one. Recycling or recharging of the reaction product is done remotely from the 

battery. There also was a significant effort in the 1980s and 1990s to develop an aluminum/ air battery with 

mechanical recharging, but this work is now continuing at a reduced level [3]. 

Current Status of Batteries for Electrical and Hybrid Electrical Vehicles 

The principal criteria of an energy storage device (ESD) required for a specific application, in this case 

automotive, are (i) the amount of energy in terms of specific energy (Wh/kg) and energy density (Wh/kg or Wh/l), 

(ii) the electrical power (W/kg or W/l), (iii) the volume and mass, (iv) reliability, (v) durability, (vi) safety, (vii) cost, 

(viii) recyclability and (ix) environmental impact. When choosing an ESD, the following characteristics should be 

considered: specific power, storage capacity, specific energy, response time, efficiency, self-discharge 

rate/charging cycles, sensitivity to heat, charge–discharge rate lifetime, environmental effects, capital/operating 

cost and maintenance. 

The characteristics of the electrical vehicles (EVs) and hybride electrical vehicles (HEVs) batteries are very 

different. The EV battery pack has high specific energy while the HEV battery pack has high specific power. For 

electric vehicles (EV), batteries with stored energies of 5–30 kWh for electric cars and up to 100 kWh for electric 

buses are required; where as hybrid electric vehicles (HEVs) hold 1–5 kWh of stored energy, and focus more 

exclusively on high power discharge [7]. 

 

Both for EVs and PHEVs applications, proven technologies and batteries under development or in a lab/prototype 

stage are developed by reseacher. Lead acid (Pb-acid) are a proven technology. However, these batteries face 

very low specific energy, and are thus limited to applications where short distances are travelled between 

recharges. Nickel–cadmium (Ni–Cd) batteries have been successfully used in the past decades, but have been 

banned because of the toxicity of their components. Nickel Metal Hydride (Ni-MH) batteries are currently 

successfully used in hybrid, non plug-in, vehicles. However, for applications in PHEVs a higher specific energy is 

required and thus this technology will be probably surpassed by Li-ion batteries. Molten salt batteries (e.g., Zebra) 

are also currently used in commercial EVs, but they have several drawbacks mainly related to the high 

temperature required for maintaining in a liquid state the metal-salts electrolyte [8]. 

 

 

Figure 6. Battery technology paths for eletric drive vehicles 

 



The two main types of battery used in BEVs are nickel metal hydride (NiMH) and lithium-ion (Li-ion) batteries. 

NiMH batteries are in most cases used as secondary energy sources in HEVs (e.g. Toyota Prius) where they are 

used in conjunction with an internal combustion engine (ICE), whereas Li-ion batteries are used as primary 

energy sources in BEVs such as the Nissan Leaf and Mitsubishi iMiev. The $35,000 5-door Nissan Leaf BEV is 

powered by 12×4 cells (48 modules) providing a capacity of 24 kWh and taking up to 8 h to fully charge from a 

standard domestic outlet from zero state-of-charge (SoC), or 30 min from a 3-phase AC socket. 

NiMH batteries are used in over 95% of all HEVs, and major manufacturers have so far invested substantially in 

the last 10 years. The major advantage from a manufacturing point of view is the safety of NiMH compared to Li-

ion batteries, and, so far, no incidents have been reported in the press. Furthermore, NiMH batteries are preferred 

in industrial and consumer applications due to their design flexibility (e.g. ranging from 30 mAh to 250 Ah), 

environmental acceptability, low maintenance, high power and energy densities, cost and most importantly safety 

(in charge and discharge modes, especially at high voltages). NiMH batteries are currently priced at $250–

$1500/kWh, hence the total price of the battery pack for a hybrid (e.g. Toyota Prius) varies anywhere between 

$600 and $3000 per vehicle. 

Lithium-ion batteries are light, compact and operate with a cell voltage of ∼4 V with a specific energy in the range 

of 100–180 Wh/kg. Li-ion batteries store more energy than NiMH, however they suffer from major issues such as 

costs (∼$1000/kWh), wide operational temperature ranges, materials availability (e.g. Li), environmental impact 

and safety. For example, LiCoO2 batteries are unsafe as they are thermodynamically unstable although they are 

kinetically stable in practice. It is often observed that these batteries suffer from (i) electrolyte decomposition 

leading to the formation of oxide films on the anode, thus blocking extraction sites of lithium and (ii) severe 

oxidative processes at the cathode due to overcharging, in turn causing dissolution of protective films on the 

cathode and excess and continuous oxidation of the electrolyte (gas evolution). 

Lithium-ion ‘chemistry’ for batteries has not progressed much since their introduction to the market in the early 

1990s by Sony and Asahi Kasei following the pioneering work from Whittingham, Tarascon, Armand and Scrosati. 

Currently worldwide R&D efforts focus upon the replacement of (i) graphite and LiCoO2 with alternative high 

capacity and low-cost materials and (ii) ethylene carbonate–dimethyl carbonate with other electrolytes which do 

not suffer from decomposition under oxidative regimes [5]. 

With the energy density of the Li-ion battery approaching its ceiling, researchers have recently moved their 

interest to systems beyond Li-ion. Due to the abundance and low cost of elemental sulfur, lithium/sulfur (Li/S) 

battery has been considered to be a preferential choice. According to the complete reduction from elemental 

sulfur to lithium sulfide (Li2S), sulfur is expected to deliver a specific capacity of 1675 Ah/Kg and an energy 

density of 2600 Wh/Kg, which are 3 to 5 folds higher than those of state-of art Li-ion batteries (the Li-ion current 

range fort ransport application is 100–180Wh/kg). Although the study on this subject has been ongoing over three 

decades, commercialization of the Li/S battery has not been successful due to many problematic issues. The 

known problems include short cycle life, low charging efficiency, poor safety, and a high self-discharge rate. 

Significant advancements in the liquid electrolyte Li/S cells have been made in recent years, however, challenges 

still remain.  

Lithium-ion battery technology is aimed primarily at hybrid and plug-in hybrid vehicles; on the other hand the 

lithium–sulfur battery generally in electric vehicles [9,10]. 

According to a report from the strategy consultancy Roland Berger, the supply of Li-ion batteries will exceed 

demand by more than 100% by 2015, in other words the market will grow from $1.5 billion in 2011 to over $9 

billion in 2015. It is speculated that the market for Li-ion batteries in the automotive sector will reach over $50 

billion by 2020 [5]. 

A few recent estimates provide a wide range of costs. Reseachers summarize different studies focusing on 

projections of battery costs. Based on optimistic assumptions in terms of incremental improvements in high-

energy batteries, and significant improvements in terms of rate capability, they indicate a cost range of Li-ion 

battery in 2030 between $200–$250/kWh for BEVs and $320–$420/kWh for PHEVs. 

The high expectations regarding future cost reductions are mostly related to the potential of Lithium-ion (Li-ion) 

batteries as the dominant chemistry for EVs. Li-ion batteries have shown higher performance compared to other 

technologies in terms of both specific energy and specific power. They have three times the energy density of 

nickel-metalhydride (Ni-MH) and ickel–cadmium (Ni–Cd) systems. Nevertheless, their widespread success 

depends on progress in the reliable coupling of Li-ion cells with robust battery systems for vehicles and, in 



general, on lowering production costs. However, other promising technologies are the focus of current research 

efforts and could provide very valuable alternatives. 

Li-ion batteries are a focus technology because of the need for high energy density in EDVs applications. Higher 

density implies material savings in battery production and the possibility of achieving longer vehicle driving 

ranges, thus ultimately leading to a decrease in costs. However, some bottle necks remain with respect to 

guaranteeing maximum safety standards (thermal run-ways are a potential hazard) and improve battery life. 

Moreover, Li-ion batteries can benefit from, for example, the use of innovative materials with higher voltages 

and/or higher capacity in the cathode and anode, as well as from improving separator stability and thinness and 

developing innovative additives in the electrolyte. Together with the scaling up in production, these technological 

advances are expected to significantly bring down the costs of Li-ion batteries. 

It is suggested that public focus should be on supporting both technologies already close to the market as well as 

promising but less mature technologies. Specifically, the EU should devote about 60% of its public R&D budget 

for batteries to technologies such as Li-ion, Li-air and Ni-Mh, which are relatively proven technologies, but where 

applied and demonstration RD&D support could help achieve further technological improvements. Conversely, 

around 40% of the budget should be devoted to technologies that are still not in commercial stage, but are 

promising, and could represent viable alternatives if technological development is successful.  

The cost scenario where the current level of investments in R&D is maintained constant through 2030, roughly 

half of the experts provided an expected battery cost value ranging between $200 and $400/kWh for BEVs and 

between $200 and $450/kWh for PHEVs, while there maining experts provided more pessimistic projections [8]. 

While significant progress has been made in developing automotive batteries, major challenges remain, as 

follows [5]: 

• Reducing cost—Currently a Li-ion battery with 35 kWh storage capacity costs around $30,000 to manufacture, 

while a few organisations (ANL, IEA, EPRI, CARB) project future prices around one-third of this. Reducing the 

cost of battery packs is therefore the key challenge for BEV development. 

• Improving safety—Current nickel and cobalt-based oxide Li-ion cathode materials have potential issues with 

overcharging, clearly, and voltage control at cell, module and battery level is critical to prevent overcharging of 

automotive Li-ion batteries, but these are all factors that will inevitably increase Li-ion battery cost further. Lithium 

iron phosphate cathodes offer a promising future but with lower specific energy and power density. 

• Prolonging the life-span—as an automotive battery, it should last at least 10 years or 150,000 miles under a 

variety of conditions, whereas e.g. the current average life of vehicles registered in the UK is 14 years. 

• Shortening the charging time to a matter of minutes, and providing better charging facilities. 

• Reducing the size and weight of the battery pack. 

For automotive applications, the most likely energy storage solution in the near term is the Li-ion battery. The key 

determinant of electrified vehicles becoming commercially viable is the cost of this battery. The results of this 

research indicate that it is possible that Li-ion battery costs can feasibly decrease in the next two decades to the 

point that PHEVs and EVs will become economically competitive. The results also demonstrate that this 

competiveness is highly sensitive to fuel prices. Additionally, there may be scenarios in which battery costs do not 

decrease as rapidly as expected, and may even increase if resource constraints become a factor. However, this 

worst-case scenario is probably unlikely. 

Concurrently, battery manufacturers have announced plans to scale up automotive Li-ion battery production, both 

in the U.S. and abroad. Market forces are such that we are likely at the beginning of a large-scale shift towards 

electrified vehicles enabled by Li-ion batteries. The pace of this shift will be substantially influenced by energy and 

climate policy [11]. 

 

4- Future Electric Vehicle Battery Technologies 

The analysis given above shows that the challanges of battery technology for electric vehicles are as follows, 



a) Cost reduction 

b) Safety improvement 

c) Prolonging life-span, and number of charges 

d) Reducing weight and volume of battery pack 

e) Reducing charging time 

There is a vast effort and R&D work in order to improve the main obstacles listed above. Below different articles 

and literature is summarised to indicate the performance basic types of battery chemistry and future projections. 

On fig. 7 future battery tecnologies are shown. It is estimated that Li-Ion battery evolution could go up to 

250Wh/kg. Li-Air technology is estimated to make a breakthrough increasing the energy density by about four 

times, and Li-Fluor chemistry is also estimated to come increasing the energy density by more than 10 times. 

Table 7 confirms these estimations and indicates also concerns except about Li-Fluor chemistry.  Evolution limit 

of Lithium chemistry seems to be with Li-Sulphur. As seen in table 8 Li-S batteries is estimated to be feasible at 

around 2030. 

Fig 7 also gives potential MH-Air and Li-Air batteries. Table 9 shows a good potenial for Zn-Air chemistry. Table 

10 gives different battery chemistry potential estimations.  On table 11 there is a summary of main types of 

batteries. It seems that Li-S, Zinc_air and Li-Air are the most promising battery chemistries.  

All components of Zn-air batteries are stable towards moisture, and thus the assembly of cells can be carried out 

under ambient air conditions. Therefore, it is much easier to handle Zn-air cells compared to Li-air batteries, 

because most components of Li-air cells are unstable towards moisture. Li-air cells must be assembled in an inert 

atmosphere. This implies that the manufacturing process of Zn-air batteries is simpler than that of Li-air batteries. 

Zn-air batteries also have stronger price competitiveness than Li-air batteries, because Zn metal and the aqueous 

electrolytes of Zn-air batteries are much cheaper than Li metal and the non-aqueous electrolytes of Li-air 

batteries. In addition, the technical level of Zn-air batteries is considered to be closer to practical application. 

However, the reversibility of Li-air batteries is better than that of Zn-air batteries, and the charging ability is a 

critical obstacle for the practical application of rechargeable Zn-air batteries. Also, the operating potential and 

specifi c capacity of Li-air batteries is higher than those of Zn-air batteries, resulting in much higher energy 

density, an irresistible fascination of Li-air batteries. Although there has been promising progress, many aspects 

of Zn-air and Li-air batteries are not fully understood, and will require additional investigation. 

Apart from the mentioned technologies some literature indicates a good promise for Li-Metal Fluoride and 

Lithium-Carbon Fluoride type batteries. Table 12 shows a comparison of batteries for Li-Flouride chemistry. This 

chemistry is already being used for military applications however there are still problems to resolve. 

Battery costs are also a major issue to make electric vehicles a more feasible alternative. US Department of 

Energy has challenging objectives to reduce the battery costs by 2020 to around $100-150 per kWh[12].  

However, analysis of Catenacci and Verdolini[9] after surveys with leading experts shows that around half of the 

experts are pessimistic about arriving a cost level of 200 -400$/kWh until 2030 even if the rate of the R&D budget 

is continued. 

All this analysis shows mainly four different types of chemistry for future, and a reasonable battery technology 

with Li-Ion for around 2025 and a fossil-fuel like performance of batteries around 2040’s if the present R&D effort 

is maintained. 

 



Figure 7. Future Battery Technology Estimation [17] 

 

 

 

 

 

 

 

Table 7. Potential Attributes of Battery Technologies (Battery Pack Level) [ 14] 

 Specific 

Energy 

(Wh/kg) 

Energy Density 

(Wh/l) 

Power (W/kg) Current Life 

(cycles) 

Safety 

Lithium-ion 

(current 

status) 

50-80 100-150 500-1000 5,000 Meets SAE 

J2929 

Lthium-ion 

(futur 

generations) 

150-200 250 2,000 tbd tbd 

Lithium metal 

polymer 

150-200 250-300 500 1000 +++++ 

Lithium metal / 

Sulfur 

250-400 180-250 750 100 Concern 

Lithium metal / 

Air 

400-800 180-250 Poor 10 Concern 

 



 

 

Table 8. Unsubsidised battery costs over time (Mnufacturer costs, no retail prices) [16] 

Battery Type Specific Energy Density in Wh/kg Cost to OEM 

2012 lithium Mn Spinel 105 ± 5 € 200 per battery + € 620 per kWh 

2020 Li Mn Spinel 

2020 Silicon lithium 

125 ± 5 

160 ± 5 

€ 180 per battery + € 310 per kWh 

€ 200 per battery + € 350 per kWh 

2025 Silicon lithium 

2030 Silicon Li-S 

190 ± 10 

300 ± 20 

€ 180 per battery + € 185 per kWh 

€ 200 per battery + € 200 per kWh 

Cost of 20 kWh battery in 2012 will be € 200 + € 620 per kWh * 20 kWh or € 12,600. 

 

 

 

 

Figure 8. Estimation of electrochemical Energy storage devices capacity used in electric vehicles [18] 

 

 

Table 9. Comparison of Battery Chemistry Potential [19] 

Cell Chemistry Specific Energy 

kWh/tonne 

Specific Power 

Kw/tonne 

Chrage/Discharge 

Efficiency 

Cycle Life 

Lead acid (for 

referance) 

35 40 90% 1000 

Li-ion 110-190 1150  2000 

NiMH ˂80 200 91% 3000 

NaS  90 90-150 85% 5200 



Bi-polar Pb/SO4 50 500 91%  

Li-ion phosphate 95-155 1060  1000-5000 

Li-ion 

titanate(nano) 

74-83   15,000 

Lithium sulphide 500   1000 

Zinc-air 470 100 57%  

Zinc bromine 70 100   

Super capacitor 15 4000 98% 500,000 

 

 

 

 

 

Table 10.  Existing and Future Battery Technologies Comparison [ 21] 

 Develoment 

Stage 

Theoretical 

Specific 

Energy 

(Wh/kg) 

Specific 

Energy 

Specific 

Power 

Eff. Cycle 

Life 

Life-

time 

Temperature Costs Safety 

Lead-acid Com. 110-170 - +/-  +/- -  ++ + 

NiMH Com.,(HEV) ˃200 - ++ - +   - + 

Lithium           

Li-ion Com.(BEV) 300-600 + + + + +/- - - - 

LMP Com.(BEV) 

expected 

500-890 + -  - + - - - 

Li-S Dem.(not 

BEV) 

2500 ++ +/-  -   + - 

High 

temperature 

          

ZEBRA Com. (BEV) 790 + - + +/- + - +/- + 

NaS Com.(Statio

nary) 

750 + -  +/- + -  - 

Metal-air           

Zn-air Com. (not 

BEV) 

expected 

1200 ++ -     ++  

Li-air R&D 11,000 ++ -      - 

Al-air R&D 8000 ++ - - -     

Fe-air R&D 1880 ++ - - -     

Silicon-air R&D 8470         

Other 

innovative 

battery 

          



technology 

Conversion R&D  +        

Organic 

lithium 

R&D  - -    -   

Ambient 

temperature 

Na-ion 

R&D  -     + + + 

Mg-ion R&D  +      + + 

Ni-Li R&D  + +       

Li-Cu R&D          

All electron 

(potentially) 

R&D  + +   +    

 

 

 

 

Table 11.  Battery Performace Projections [21] 

 Li-ion ZEBRA Li-S Zn-Air Li-Air 

Specific Energ 

(Wh/kg) 

150-200-250 130-160-200 n/a-400-500 n/a-250-350 n/a-500-1000 

Specific Power 

(W/kg) 

400-500-500 230-280-320 n/a-300-400 Unknown Unknown 

Efficiency (%) 90-92-95 90-90-95 Unknown n/a-70-80 n/a-70-85 

Cycle life (# 

cycles) 

1000-3000 1000-1500-

1500 

n/a-1000-1000 n/a-2000-2000 Unknown 

@DoD 80% 80% 100% Unknown - 

Lifetime 

(years) 

7-10-12 15 Unknown Unknown Unknown 

Operation 

temperature 

Improving but 

incertain 

From 300 to 

350C to 

ambient 

Low 

temperature 

good, high 

temperatue 

improving 

Unknown Unknown 

Safety Good Good Uncertain Good Uncertain; key 

isuue 

n/a: not applicable 

 

 

Table 12. Lithium Chemistry Battery Comparisons [22] 

 Li/MnO2 Li/SO2 Li/SOCl2 Li/CFX(F1)* Li/CFx-MnO2 

Hybride** 

Weight Energy 

Density 

150-330 150-315 220-560 260-780 784 



(Wh/kg) 

Volume Enegy 

Density (Wh/l) 

300-710 230-530 700-1041 440-1478 1039 

Power 

Capability 

(W/kg) 

250-400 100-230 100-210 50-80 (Only one 

EP model with 

233) 

165 

Temperature 

(C) 

-20 to 60 -55 to 70 -55 to 150 -20 to 130 -40 to 90 

Typical Shelf 

Life (Years) 

5-10 10 15-20 15 10 

Cost/Delivered 

Energy 

Moderate Low Moderate High Moderate-High 
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