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                   Introduction 

 The widespread adoption of electri  ed vehicles can sub-
stantially reduce petroleum consumption and transportation-
related greenhouse gas emissions. Petroleum is currently the 
dominate energy source for the world transportation sector, 
providing 94% of its primary energy.  1 , 2   Battery electric vehicles 
(EVs) and hydrogen fuel cell vehicles (FCVs) are the two options 
that can in principle enable a petroleum and emission-free trans-
portation future if the electricity and hydrogen are generated 

by renewable energy. EVs have much higher round trip energy 
ef  ciencies than FCVs assuming hydrogen is generated by elec-
trolysis of water. Even with today's U.S. electric power genera-
tion mix from fossil, nuclear, and renewable energy sources, 
battery EVs could cut greenhouse gas emissions by 25% as 
compared to gasoline-powered vehicles.  3   A Union of Con-
cerned Scientists study showed that EVs would have lower 
greenhouse gas emissions than a 50-mpg Toyota Prius for 
45% of Americans charged by today's grid.  4   

 Despite the benefits of increased energy security and 
decreased emissions, the adoption of EVs has been slow. In 
2014, for example, the U.S. vehicle market had a sales volume of 
16.4 million; the total for battery EVs was 63,416.  5   The slow 
adoption of these vehicles has been linked to concerns about 
cost, range, and safety. In a 2012 Consumer Report survey 
on battery EVs,  6   range and safety concerns dominated the 
responses. Availability of fast charging is identi  ed as another 
concern but can be viewed as an alternative expression of range 
anxiety.  7   For these reasons, there were suggestions that battery 
powered EVs are more suitable for short distance, intercity 
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commutes while hydrogen FCVs and EVs with on-board range 
extension mechanisms such as gasoline powered generators are 
better suited for long distance transportation.  7   However, the 
gasoline powered range extension does not allow eventual tran-
sition to a completely emission-free solution. The most signi  -
cant barrier for EV adoption is that they cost signi  cantly more 
than gasoline-powered vehicles. According to analysis performed 
by  Edmunds.com , the payback period for a typical 100 mile range 
EV can be more than 9 years even after discounting government 
subsidies.  8   The dominant cost driver for EVs is the energy 
storage system. Despite rapid progress made recently, EV-grade 
lithium-ion batteries still cost  ∼ 410 $/kWh according to world-
wide industry estimation in 2014 although industry leaders are 
close to 300 $/kWh.  1 , 9   Recent announcement from Tesla's 
planned Giga factory promises to drive down the battery cost by 
30%.  10   Despite that promise, a further reduction of a factor 2 is 
needed to reach the 125 $/kWh target set by the United States 
Advanced Battery Consortium (USABC).  11   

 Due to the high cost of batteries, the price of an EV is strongly 
correlated with vehicle range ( Fig. 1 ). EV manufacturers have 
managed to keep the price tag of the vehicles reasonable by 
using lower capacity battery packs, restricting the vehicle range 
to 100 mile. Unfortunately, the decrease in vehicle range leaves 
the consumer with range anxiety. Ideally, a range of around 
300 miles is desirable, which is similar to that offered by con-
ventional vehicles using internal combustion engines (ICEs). 
Tesla is currently the only automaker that manufactures a vehi-
cle with a >250 mile range, although the vehicle price tag is 
signi  cantly higher than a mainstream consumer vehicle.     

 The need to reduce the cost of energy storage to produce an 
EV with similar price and range to conventional gasoline vehicles 
is well recognized. A recent study analyzed the cost drivers for 
energy storage, and advocated for research to further increase the 
speci  c energy to drive down system costs.  12   Importantly, in 

addition to speci  c energy and cost, EV energy storage needs to 
meet stringent requirements in calendar and cycle life, abuse tol-
erance, temperature performance, among others. Any increase 
in speci  c energy should not be realized at the expense of these 
other performance metrics, in particular, in battery life. 

 In this report, we argue for a safety-centric approach where 
inherently safer energy storage systems are designed to assist 
vehicle crash management, which enables vehicle structural 
weight reduction. This multifunctional design enables using low-
cost energy storage chemistries and architectures without weight 
penalties on the vehicle level even when they may have lower spe-
ci  c energies on the chemistry level. This report is organized as 
the following. We  rst analyze the cost drivers of EVs using the 
cost of each electric mile of driving range as the metric. This anal-
ysis helps to set the context for understanding the two types of 
research approaches for cost reduction. We then examine the  rst 
approach, which raises speci  c energy beyond current lithium-ion 
batteries to drive down costs and brie  y review corresponding 
research approaches and challenges. Next, we propose a second 
approach, which concerns the development of inherently safer 
energy storage technologies and illustrate their system level ben-
e  ts. Subsequently, the report brie  y reviews the various classes 
of technologies that can enable this new design. Not intended to be 
comprehensive, these reviews help to illustrate critical research 
needs to fully realize a long-range, low-cost EV with inherently 
safe energy storage technologies.   

 Analysis of contributing factors for EV range and cost 

 Vehicle cost is a function of performance, size, and brand. To 
analyze the cost drivers for EVs, it is necessary to de  ne a target 
vehicle size. The U.S. Department of Energy's EV Everywhere 
Initiative de  nes the target vehicle to be a mid-size sedan.  13   
We will base our analysis on this target vehicle. 

 The strong correlation between cost and range of EVs argues 
for the importance of a cost metric, the vehicle up front cost per 
electric mile of range:

   (1) 

 where $ v  is the vehicle cost and  R  is the range. For an explana-
tion of symbols, see  Table 1 . Because $ v  is composed of the cost 
of batteries ($ b ) and the rest of vehicle systems ($ s ), the above 
equation becomes

   (2) 

       State-of-the-art battery systems are composed of battery 
cells and overhead systems to perform thermal, electrical, and 
mechanical management functions hence

   (3) 

 where $ bc  refers to the cost of the battery cells and  K  cost  is the 
cost overhead when the cells are integrated into the pack. The 
range ( R ) of an EV is determined by the total energy ( E  v ) it 
carries and the energy consumption rate ( CE  v ) for propulsion

  

 Figure 1.      2012 EV price as a function of range, compared to the price of 

vehicles with ICEs. The correlation between price and range is primarily due 

to the high cost of batteries. To reach near parity in cost and range with ICE 

vehicles, a factor of 3 in cost reduction is needed.    
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(4)

 

   The energy consumption rate represents the overall propul-
sion ef  ciency of a vehicle and is a function of vehicle weight, 
aerodynamics, and driving profile. Among all the energy loss 
mechanisms, only aerodynamics is a function of vehicle esthet-
ics while the rest are proportional to vehicle weight.  14   The effect 
of vehicle weight on range generally dominates at low vehicle 
speeds, due to the small contribution of drag. The above equation 
can be approximated as

  ( )  (5) 

 where  P  eff  is a constant for a given vehicle and drive pro  le and 
 W  v  is the vehicle weight. If we further deconvolute  W  v  into the 
weight associated with the battery cell ( W  bc ) with a pack weight 
overhead factor,  K  w , and other vehicle system weight ( W  s ),

  ( )  (6) 

   Thus

   (7) 

   Since

    

 Table 1.      List of parameters and their units and defi nition.  

Parameter  Units Defi nition  

 C  ev   kWh·miles −1 Energy consumption rate for propulsion 

Cost Dollars·miles −1 Cost of vehicle per mile of range 

EV ... Electric vehicle 

 E  v  kWh Total energy 

ICE ... Internal combustion engine 

 K  cost  ... Cost overhead 

 K  w  ... Pack weight overhead factor 

 P  eff  kWh·miles −1  kg −1 Effi ciency constant for a given vehicle and drive profi le 

 R  miles Vehicle range 

SE bc  kWh·kg −1 Specifi c energy of battery cells 

 W  bc  kg Weight associated with the battery cell 

 W  s  kg Weight of vehicle systems not including batteries 

 W  v  kg Vehicle weight 

$ b  Dollars Cost of batteries 

$ bc  Dollars Cost of the battery cells 

$ s  Dollars Cost of vehicle systems not including batteries 

$ sbc  Dollars Cost of battery cells per kWh 

$ v  Dollars Total vehicle cost  
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 where SE bc  is the speci  c energy of battery cells and $ sbc  is the 
cost of battery cells per kWh. 

 Then

   (8) 

    Equation (8)  shows that both battery cell specific energy 
(SE bc ) and battery cell cost ($ sbc ) impact vehicle cost. However, 
their respective impact is heavily in  uenced by the respective 
ratios of battery weight and cost to those values of the whole 
vehicle. 

 Based on a vehicle platform defined by a typical mid-size 
sedan, we performed a trade-off analysis between battery spe-
cific energy and cost for a given vehicle. The cost target is 
de  ned by the $/mile value.  Figure 2  shows results from two 
different cost targets, 393 $/mile versus 156 $/mile. These two 
values are chosen based on an approximate state-of-the-art for 
EVs and a long-term goal for EVs to achieve mass adoption, 
respectively. Note that every combination of maximum allowable 
battery pack cost and battery pack energy density on the same 
curve will produce a vehicle with identical cost ($/mile). This 
relationship, however, is not linear. For example, the 393 $/mile 
curve shows that a speci  c energy less than 100 Wh/kg will require 
signi  cantly lower costs, while increasing speci  c energy above 
150 Wh/kg has a relatively small effect on allowable battery 
cost. When the battery specific energy is very low, its weight 
becomes a significant portion of the vehicle weight, which 
determines propulsion energy consumption. In other words, 
the battery is spending signi  cant amounts of its stored energy 
to move itself and thus has a decreased system value. For the 
156 $/mile scenario, the effect of higher specific energy on 
maximum allowable cost becomes even smaller. In fact, the 
effect is negligible above 150 Wh/kg. This limited impact on 
vehicle energy consumption with higher specific energy is 
due to the smaller contribution of battery weight on vehicle 
weight. An additional note regards the impact of weight 
at increased vehicle speed. The energy consumption rate at 

higher vehicle speeds is increasingly determined by aerodynamics. 
Consequently, our analysis represents the upper bound of impor-
tance on speci  c energy or battery weight has on vehicle range.       

 Research approaches based on raising specifi c energy 

to reduce EV cost 

 The simple analysis outlined above provides effective guide-
lines for EV energy storage research. The most ideal solution, of 
course, is a battery cell of high specific energy (SE bc ) and low 
cost ($ sbc ). Such an approach does assume the pack weight over-
head factor,  K  w , does not increase. The leading candidate to  ll 
this role is currently the lithium-ion battery, with further research 
effort aimed at increasing its speci  c energy. Reduction in bat-
tery cost is expected as long as the cost of materials and manu-
facturing does not out pace increases in speci  c energy. 

 This simultaneous weight and cost reduction strategy domi-
nates the current EV energy storage landscape and is the foun-
dation of the long-term EV battery cost reduction roadmap 
( Fig. 3 ). Similar approaches are adopted by Japan's NEDO with 
a speci  c energy target of 250 Wh/kg by year 2020 as well as 
advocated by organizations in Europe.  15       

  Figure 4  shows the projected decrease in battery cost and 
increase in speci  c and volumetric energy densities for lithium 
batteries with different cathode and anode chemistries. From 
2012 to 2027, an estimated 150% increase in speci  c energy is 
responsible for the 50% reduction in cost.     

  Figure 4  shows that none of the current cathode/anode pairs 
are expected to drive cost down to below 150 $/kWh. However, 
the USABC and the Department of Energy have set cost targets 
of 100–125 $/kWh.  9   Consequently, cathode materials that cost 
even less and offer even higher speci  c energies are being pur-
sued.  Figure 5  shows the most optimistic projections of leading 
high speci  c energy systems (only Li–S battery is not included). 
As mentioned earlier, cells with increasing specific energies 
are still required to achieve the calendar and cycle life targets 

  

 Figure 3.      The required cost and battery pack specifi c energy targets to 

realize the U.S. Department of Energy EV range and cost goals for 2022.  9   

EV300 refers to an EV with 300 mile of range.    

  

 Figure 2.      Maximum allowable battery pack cost as a function of battery 

pack specifi c energy for two cases of EV cost per mile of range.    
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suitable for EV applications. Before we discuss the critical 
research needs to support the above projections of specific 
energy, it is worthwhile to briefly review the fundamental 
relationship between speci  c energy and cycle life.     

 Many mechanisms can be responsible for battery aging due to 
cycling or calendaring effects and several commercial lithium-
ion batteries have been extensively tested and modeled.  16 – 23   
Two factors are of fundamental importance. The  rst concerns 
the stability of the electrode/electrolyte interface. The nega-
tive electrode, lithiated graphite, has a chemical potential 
very close (0.1–0.2 V) to that of metal lithium. The organic 
electrolyte is not thermodynamically stable at this potential 
and is reduced on its surface forming a solid electrolyte inter-
face (SEI) layer. This layer is electronically insulating but 
ionically conducting which enables highly reversible battery 
cycling. However, any perturbation to the integrity of this 
layer due to mechanical or thermal events will result in a repair 
of this layer and consumption of active charge. The second 
factor responsible for battery performance loss is mechanical 
in nature. During cycling, the electrode material, lithiated 
graphite, experiences a volume change of  ∼ 10%, which may 
result in fracture of the SEI layer or even the particle.  17   The 
coupling of the above two factors inevitably leads to capacity 
loss during electrochemical cycling. This mechanism has 
shown to be responsible for the capacity fade of leading com-
mercial lithium-ion chemistries.  16 , 18   As we will discuss below, 
next generation electrode materials with higher capacities 
often involve much greater volume changes during opera-
tion which demand chemistry and materials innovations to 
realize a battery life that is competitive with that of lithium-ion 
batteries.  

 Alternative anodes 

 A high capacity anode such as silicon or lithium metal is 
required to realize the cost reduction as illustrated in  Fig. 4 . 
Both of them offer an order of magnitude higher charge storage 
capacities than graphite. The challenges associated with silicon 
are well documented. Silicon experiences a volume expansion 
of  ∼ 300% during lithiation that may lead to particle disintegra-
tion.  25 , 26   Even more challenging is the unstable interface 
between the lithiated silicon electrode and battery electrolyte. 
The large volume change creates mechanical instability at the 
interfacial layer. Any fracture will lead to fresh electrode surfaces 
that need to be passivated again which consumes charge and leads 
to rapid cyclable charge loss. Signi  cant worldwide effort has been 
devoted to tackling these issues by using designed nanostruc-
tures to manage this mechanical failure mechanism.  25 – 29   How-
ever, active lithium loss at the unstable interface remains a 
persistent challenge. The  rst demonstration of high capacity 
silicon anode will likely be in portable electronics where the 
sensitivity to speci  c energy is greater than cycle life. To impact 
EV applications, further progress is needed to scale up nanos-
tructured materials, improve interfacial stability through elec-
trolyte innovation, demonstrate performance in larger format 
cells, achieve longer cycle and calendar life, and finally, pass 
abuse tolerance tests. 

  

 Figure 4.      Projections of battery energy density and cost in the following 

decades. In the cost plot, several cell chemistries are presented. LMO–NMC: 

a physical blend of Li 1.1 Mn 1.9− x  M  x  O 4  with Li 1+ x  (Ni 1/3 Mn 1/3 Co 1/3 ) 1− x  O 2 ; 

NMC441: (Li 1+ x  (Ni 4/9 Mn 4/9 Co 1/9 ) 1− x  O 2 ); LMR–NMC:  x Li 2 MnO 3 (1− x )LiMO 2  

with a capacity of 250 mA h/g @ 3.7 V; Li 2 MSiO 4 —M = Mn or Ni with 

an assumed capacity of 250 mA h/g @ 4.2 V; UKHVHC—unknown 

high-voltage, high-capacity cathode with an assumed capacity of 

250 mA h/g @ 4.7 V; Gr: graphite; GrSi: graphite silicon composite 

with a capacity of 1000 mA h/g @ 0.4 V.  9   Reprinted with permission: 

Kevin Gallagher, Argonne National Laboratory.    

  

 Figure 5.      Projected cost for different cell chemistries including cost 

breakdowns for different components. Note that the cost target for a USABC 

45 kWh EV pack is 125 $/kWh.  24   For explanations of abbreviations of battery 

materials, refer to  Fig. 4 . (Reproduced with permission).    
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 The challenges associated with the use of lithium metal 
anodes are also very well known which include (i) the formation 
of lithium dendrites that can lead to shorting of the batteries as 
well as loss of active lithium due to electrode pulverization; 
and (ii) the low charge efficiency due to the high reactivity 
between metallic lithium and the organic electrolytes. A recent 
review offered a comprehensive account of the approaches 
attempting to address these challenges.  30   They can be catego-
rized as (i) mechanical suppression; (ii) the use of electrolyte 
additives; and (iii) using single ion conductors. For mechani-
cal suppression, a separator or solid electrolyte layer with high 
sheer modulus ( ∼ 10 Ga) is used to combat dendrite growth 
since lithium metal is a soft material with a Young's modulus 
of only 4.9 GPa.  31   For electrolyte additives, compounds such 
as CO 2 ,  32 , 33   HF,  34   vinylene carbonate, and  uoroethylene car-
bonate,  35 , 36   are reduced on the electrode surface to form an 
effective SEI. More recently, Cs +  was found to suppress den-
drite growth and a “self-healing electrostatic shield” mecha-
nism was proposed to explain the effect.  37   Finally, single ion 
conductors that effectively mitigate concentration gradients 
can signi  cantly reduce dendrite growth.  38 , 39   The most note-
worthy approach is the use of ceramic solid electrolytes. These 
electrolytes offer both mechanical strength and single ion 
conductivity. In fact, cycle life of over ten thousand charge/
discharge cycles has been demonstrated in solid-state thin-
 lm lithium batteries.  40   However, using the same principle in 

a bulk form remains challenging and will be discussed in more 
detail later.   

 Alternative cathodes 

 With a lithium metal anode,  Fig. 5  projects that a high capac-
ity lithium transition metal oxide will enable a cost target of 
100 $/kWh. If lithium metal is viable, then sulfur and oxygen 
would be even more desirable cathode materials. They offer 
3–5x energy density with minimal cost attributed to the mate-
rial. For these reasons, both systems are subjects of intensive 
research efforts. The sulfur cathode chemistry has progressed 
rapidly in recent years.  41 – 44   The employment of nanostructured 
carbon scaffold to contain sulfur effectively addresses the insu-
lating nature of the sulfur material and serves to con  ne the 
soluble polysul  de species and mitigate the well-known crossover 
mechanism that has plagued Li–S technology.  45 , 46   As a result, 
cycling stability has been markedly improved. However, capac-
ity loss due to sulfur redistribution persists.  45 , 47 – 49   In addition, 
the crossover mechanism can in principle only be eliminated 
with the use of a solid-state separator. Finally, electrode perfor-
mance is a strong function of electrode materials loading levels. 
Thicker electrodes, which are essential to higher cell specific 
energy, often lead to reductions in speci  c capacity, rate capa-
bility, and cycling stability.  50   

 The progress and challenges of lithium–air batteries have been 
reviewed recently.  51 – 56   The oxygen cathode functions like a fuel 
cell electrode except that the discharge product is Li 2 O 2 , which 
is a solid and accumulates in the electrode. Challenges of lithium–
air chemistry include: (i) the stability of the electrolyte in the 

presence of Li 2 O 2 ; (ii) the reaction rate of Li 2 O 2  formation and 
decomposition due to the involvement of oxygen catalysis; and 
(iii) the influence of contaminants from ambient air such as 
water and carbon dioxide. A recent analysis shows that Li–air 
cells offer limited advantages over advanced lithium-ion batteries 
due to these complexities.  24   Breakthroughs in cathode catalysis 
and microstructural and system designs are needed to realize 
a lithium–air battery with the rate capability, cycle life, and 
energy ef  ciency suf  cient for EV applications.   

 Other high specifi c energy nonaqueous systems 

 In addition to lithium-based systems, there has been recent 
effort in investigating cell chemistries based on other cations. 
Speci  cally, intercalation reactions involving multivalent cati-
ons such as Mg 2+  have been a focus for the Joint Center for 
Energy Storage Research, a research hub supported by the U.S. 
Department of Energy.  57   Compared to lithium metal, magne-
sium metal electrode has a higher volumetric capacity and 
cycles reversibly without the formation of dendrite which stim-
ulated intense research interest. However, the search for suita-
ble electrolytes and high energy density cathode materials is 
still in its infancy. MgFeSiO 4  was shown to deliver 300 mA h/g 
at 2.4 V, showing great promise in delivering competitive 
speci  c energy to lithium-ion batteries.  58   Likewise, a high rate 
aluminum battery was reported recently. With an ionic liquid-
based electrolyte, a cycle life of 7500 cycles was demonstrated 
but the low speci  c energy makes the concept more suitable for 
grid storage rather than EVs. Finally, the development of room 
temperature sodium-ion batteries has continued to progress, 
with most of the anode and cathode materials being analogs of 
lithium counterparts.  59   A cell chemistry that can deliver com-
petitive speci  c energy and cycle life to lithium-ion has yet to 
emerge. Nevertheless, these recent advancements may stimu-
late increased interests in these under-explored chemistries 
which may eventually lead to higher speci  c energies.   

 Advanced pack designs and battery management systems 

 The approaches outlined above focus on developing long 
life, high speci  c energy battery chemistries to drive down cost 
and weight. In order for this to be effective, the  K  w  factor in  Eq. (8)  
needs to remain comparable to that for lithium-ion battery cells 
currently used. The  K  w  factor, around 150% for lithium-ion bat-
teries, represents the weight overhead on the system level that 
provides thermal, mechanical, and electrical protections for 
the battery cells.  12   Lithium-ion batteries use high-energy redox 
couples operating with  ammable organic carbonate electro-
lytes. As a result, the total combustible energy in a lithium-ion 
cell can be an order of magnitude greater than the electrochemical 
energy.  60   The thermal system is tasked to maintain temperature 
distribution in a very narrow range to minimize degradation of 
the cells. The electronic control system estimates the state of 
charge and health of the battery and provides safe shutdown 
functions. As the speci  c energy of cells increases, the  K  w  factor 
will likely increase. The high specific energy demands better 
structural protection to avoid intrusion and deformation; 
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consequently, additional guarding is required. In fact, it is a com-
mon practice to treat the battery pack as if it were a fuel tank.  61   
Despite the conservative system designs, there have been several 
vehicle  re incidents that have raised safety concerns for con-
sumers. These incidences illustrate the challenges of addressing 
abuse tolerances by relying on system protection.  62   Advanced cell 
monitoring methods that can directly detect physical and chemical 
changes inside lithium-ion cells are being developed to assist with 
preventing these safety incidents and to improve utilization of 
battery capacities. Recently, a major initiative, the Advanced Man-
agement and Protection of Energy Storage Devices program, was 
launched by the Advanced Research Projects Agency for Energy 
(ARPA-E) of the U.S. Department of Energy to create a new 
generation of Battery Management System (BMS) sensing, con-
trols, and power systems that can unlock greater performance, 
safety, and reliability from battery chemistries.  63   

 In summary, intensive research effort is underway to develop 
battery chemistries with specific energies far greater than 
those of lithium-ions. Candidates for both the cathode and the 
anode materials use reaction mechanisms beyond intercala-
tion chemistry. The challenge of the coupled mechanical–
chemical degradation mechanisms in these batteries is far 
greater than those encountered with lithium-ion batteries, 
which demands continued innovation in materials and sys-
tems design. The risk of achieving speci  c energy targets set 
in  Fig. 3  while maintaining calendar and cycle life remains high. 
There is a great need to consider approaches other than driv-
ing up speci  c energies of nonaqueous batteries to improve the 
chance to reach the cost and range targets necessary to facilitate 
mass adoption of EVs.    

 Inherently safe design approach to EV cost and weight 

reduction 

 As shown by  Eq. (8) , the weight of the full vehicle is propor-
tional to cost. The total vehicle weight,  W  v , can be described by:

   (9) 

   Consequently, reduction in  K  w ,  W  s , and increase in SE bc  
all serve to minimize total vehicle weight for a given  E  v . The 
approaches described thus far focused on the term SE bc . As an 
alternative approach, reduction in  K  w  and  W  s  will be just as 
effective in achieving the goal of increasing EV range. 

 As discussed above, the value of  K  w  is determined by the need 
to provide thermal, mechanical, and electrical management 
to the battery cells. These are mainly determined by the cell 
chemistry, its performance sensitivity to temperature, and very 
importantly, its abuse tolerance. 

 Both thermodynamic and kinetic factors in  uence the abuse 
tolerance of an energy storage device. Thermodynamically, the 
total combustible energy contained in a battery pack far exceeds 
the electrochemical energy.  60   However, the more important 
aspect concerns the kinetic processes, which invariably lead 
to rapid temperature rise and thermal runaway. The triggers 
may include short circuiting due to mechanical impact or 

overcharge.  64 , 65   While overcharge can in principle be prevented 
by the battery management system, mechanical impact to the 
cells is prevented in leading EV designs by appropriate guarding. 

 To improve the abuse tolerance of the energy storage devices, 
three approaches can be taken:

   
      (i)      Reduce total combustible energy. The organic solvents 

used in lithium-ion batteries are highly combustible. 
Replacing them with solid-state ceramic materials or 
water will greatly reduce the possibility of a thermal run-
away event.  

     (ii)      Use an in situ arresting mechanism. Upon the occurrence 
of an internal short, large electric current passes through 
the short, this rapidly increases the local temperature. 
Because this is an electrochemical process, reducing the 
supply of ions and/or electrons can effectively reduce the 
short current. Inherent safety features could include tem-
perature-induced local phase change or viscosity increase 
to decrease ion transport and a rapid increase in the 
resistance of cell components to decrease cell current.  

     (iii)      Use a system level mechanism. If an EV battery pack is 
composed of a large number of cells, a thermal runaway 
of an individual cell rarely represents a safety hazard. 
However, if the thermal event propagates to neighbor-
ing cells, the entire system is then compromised. Conse-
quently, any mechanism that can isolate individual 
incidents is highly desirable. Other system level solu-
tions include the use of a fuel cell or  ow cell rather than 
a battery. The rationale is that most of the electroactive 
species are physically separated in fuel storage containers 
rather than by a membrane.   

  If an energy storage system is designed with suf  cient inherent 
safety, an additional opportunity to enhance vehicle system level 
performance becomes possible, i.e., increase EV range. The key is 
to merge the structures of the battery and the vehicle, or the terms 
 E  v /SE bc * K  w  and  W  s . If the battery can replace a part of  W  s , then 
the effective weight of the battery will be reduced as compared to 
a battery that serves no other function. So far, battery research has 
focused on the  rst term. The reduction of  W  s  is handled sepa-
rately by the introduction of lightweight materials, such as alumi-
num, magnesium, and carbon  ber composites to replace steel.  66   
For a vehicle equipped with inherently safe energy storage systems, 
it is possible to use this type of energy storage to serve other func-
tions on a vehicle, including its structural function. In other words, 
the energy storage system becomes multifunctional. Two general 
approaches can be used to explore multifunctionality:

   
      (i)      Energy storage devices that carry load. In this case, the 

devices can directly replace primary and secondary 
vehicle structures;  

     (ii)      Energy storage devices that absorb mechanical impact. 
In this case, either materials or assemblies of devices 
can be engineered to absorb the impact energy during a 
vehicle crash. This energy absorbing device can poten-
tially reduce the vehicle weight relative to the original 
vehicle structures designed for this purpose.   
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  The bene  t of multifunctionality can be signi  cant. If half of 
a battery can be used as a structural member, then the effective 
weight of the battery is reduced by half or its effective speci  c 
energy is doubled. Consequently, a multifunctional battery may 
have a lower speci  c energy while still offering the same effective 
speci  c energy at the vehicle level. This important conclusion 
points to a new research space for EV energy storage research, 
i.e.,  to consider low-cost, inherently safer battery chemistries 
that have lower speci  c energy that can be integrated into the 
vehicle structure and/or assemblies . The schematics in  Fig. 6  
compare the weight distributions of a lithium-ion battery pow-
ered EV to one powered by an inherently safer, multifunctional 
battery. Note that the vehicle level speci  c energy is the same, 
thus they have the same range. However, because of the reduc-
tion in overhead and other parts of the vehicle due to the func-
tions served by the battery, the cell level speci  c energy for the 
multifunctional battery can be lower.       

 Review and research needs in inherently safer battery 

chemistries and architectures 

 In this section, we briefly review battery chemistries and 
architectures that offer inherent safety advantages over lithi-
um-ion batteries. We acknowledge that safety is often a poorly 
de  ned term. All the current commercial lithium-ion batteries 
are considered safe by passing all government issued safety reg-
ulations. We focus here on several classes of technologies that 
are expected to have inherent safety features due to the removal 
of one or more of the hazards in lithium-ion batteries. As shown 
in  Fig. 7 , these technologies offer a variety of starting points 
to arrive at the cost and specific energy targets, each raising 
unique research needs that will be discussed below.      

 High energy density fl ow batteries 

 Flow batteries have enjoyed a recent renaissance due to their 
perceived advantages for grid storage.  67 – 72   In f low batteries, 
the anode and cathode active materials are usually dissolved in 

electrolyte solvents, which  ow through the electrode surface 
where charge transfer takes place. An ion exchange mem-
brane is needed to allow the passage of ions while preventing 
crossover of the electroactive species. For grid storage, the most 
important metrics are cost, cycle life, and round trip ef  ciency. 
Specific energy, on the other hand, is not as critical since 
most of the applications are not weight or volume constrained. 
As a result, most of the redox couples, such as the vanadium 
redox battery, have specific energies <25 Wh/kg.  72   With the 
acceptance of having a lower cell voltage, aqueous electrolytes 
are often used due to their low cost relative to nonaqueous 
electrolytes. 

 Flow batteries can offer unique advantages for vehicle appli-
cations as well. For example, the battery can be electrically 
recharged or, alternatively, the catholyte and anolyte can be 
replaced at a fueling station, providing rapid charging which 
overcomes a major obstacle to EV adoption. While hydrogen 
fueling for FCVs can be fast, f low batteries can deliver much 
higher round trip ef  ciency assuming FCVs' hydrogen source is 
generated by electrolysis of water. In addition, the  ow battery 
has the potential to tolerate degradation of the replaceable 
 uid, assuming puri  cation is not prohibitively costly. However, 

for  ow batteries to be suitable for EV applications, their spe-
ci  c energy has to be increased. 

 To increase speci  c energy, cell voltage or cell capacity needs 
to increase, either separately or together. For f low batteries, 
cell capacity is often limited by the solubility of the reactants. 
Consequently, it is important to search for  ow systems with 
very high concentrations of active materials.  72   Alternatively, 
a solid electrode can replace one of the solutions as in the 
well-known example of the zinc–bromine battery.  67 , 68   The zinc 

  

 Figure 6.      A schematic comparison of the weight distribution of two EVs 

with the same vehicle level specifi c energy, or Wh/kg-vehicle. As compared 

to a lithium-ion battery, a multifunctional, inherently safer battery reduces 

system overhead as well as the rest of the vehicle weight since the battery 

serves part of the vehicle function. Despite the great difference in battery 

weight, the two vehicles have the same Wh/kg-vehicle and range.    

  

 Figure 7.      Several class of technologies as potential candidates for EV 

storage. The cost and specifi c energy values are approximate. For emerging 

systems, specifi c energy values are projected based on laboratory cell data. 

Note that different candidate technologies require different development 

pathways to reach the target. However, multifunctional designs can always 

increase the effective specifi c energy for inherently robust energy storage 

solutions.    
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electrode functions as a traditional plating/dissolution elec-
trode during battery cycling. However, reversible operation of 
the metal anode requires maintaining stability of the electrode 
dimension and preventing the formation of dendrites. Despite 
decades of research, a reversible metal electrode that can undergo 
thousands of cycles while maintaining dimensional stability 
remains elusive, although research continues to progress in this 
area.  73   

 Another approach to improve energy density is to formulate 
the solid electrode material as particles suspended in an elec-
trolyte. Recent work demonstrated that common lithium-ion 
battery materials could be formulated as a stable slurry with suf-
 cient electrical conductivity to function as active materials.  71   

Compared to a traditional lithium-ion battery, a semisolid  ow 
battery greatly reduces the number of steps for battery manu-
facturing, and system costs can be signi  cantly reduced. Many 
challenges remain for semisolid  ow batteries, including high 
parasitic pumping power loss due to friction, and the instability 
of the electrode/electrolyte interface due to the shear force. 
The last issue is particularly relevant for lithium-ion anode 
materials whose surface require the protection of the SEI. The 
SEI layer has to remain mechanically robust to survive the shear 
force during the  ow of the particles. Research into material 
systems that are free of this issue is critically needed.   

 Aqueous batteries 

 The lack of  ammable materials is a unique advantage for 
batteries using water-based electrolytes, if hydrogen gas evolution 
during operation is avoided. Until the invention of lithium-ion 
batteries, rechargeable aqueous batteries dominated the market. 
Despite their long history, only lead–acid, nickel–cadmium, 
nickel–metal hydride (Ni–MH), and silver–zinc have reached 
mass adoption.  74   For automotive applications, lead–acid batter-
ies powered the early automobiles in the 1910s before ICEs were 
introduced. Amazingly, lead–acid batteries remained the power 
source of choice for General Motor's EV1 when it was intro-
duced in the 1990s.  75   

 Research in rechargeable aqueous batteries of high speci  c 
energy has stagnated in recent years.  74   This fact is largely driven 
by the success of lithium-ion batteries in the portable electronics 
market. With higher speci  c energy and longer cycle life than 
nickel–metal hydride, lithium-ion batteries have dominated 
recent research efforts in energy storage. 

 If aqueous batteries are to compete with lithium-ion batter-
ies for EV applications, they need to demonstrate both higher 
speci  c energy and longer cycle life. Most aqueous batteries do 
not offer greater than 100 Wh/kg speci  c energy,  74   which is the 
lower bound as illustrated in  Fig. 2 . To increase speci  c energy, 
one approach is to expand the redox stability window of water so 
that redox couples with potentials higher than oxygen or lower 
than hydrogen evolution can be utilized. In fact, for the Ni–MH 
battery, the nickel oxyhydroxide electrode potential (0.49 V in 1 M 
of OH   solution) is very close to oxygen evolution as shown by 
nickel's Pourbaix diagram.  76   As a result, the electrode is rarely 
fully charged before oxygen evolution takes place. Similarly, the 
metal hydride electrode operates very close to the hydrogen 

evolution potential. As a result, corrosion of metal hydride often 
limits battery life. If the electrolyte window can be widened, 
metal hydrides such as Mg 2 NiH 4  may be used with a capacity of 
2.5 times of state-of-the-art LaNi 5 H 6 , signi  cantly increasing 
cell specific energy.  77   Consequently, research approaches for 
widening the aqueous electrolyte stability window through 
the suppression of water decomposition are critically needed. 
Alternatively, a double membrane con  guration was proposed 
recently that promises operation of the anode and cathode reac-
tions at vastly different pH values thus creating a zinc–cerium 
aqueous battery with a voltage of 3.08 V.  78   

 The other issue that has plagued aqueous batteries is their 
poor cycle life. For example, lead–acid batteries degrade rapidly 
when cycled at full depth of discharge. This poor cycle life is 
rooted in its chemistry. The electrode reactions of lead–acid bat-
tery are not intercalation based and involve major changes in 
composition, microstructure, dissolution, and phase transfor-
mation. These changes make it dif  cult to maintain the dimen-
sional stability of the electrode and lead to performance decay.  79   
In contrast, aqueous lithium-ion batteries such as LiFePO 4 /
Li 5 Ti 2 (PO 4 ) 3  have demonstrated exceptional cycle life due to 
the use of two intercalation electrode reactions; however, cell 
speci  c energy is low due to the limited capacity and low cell 
voltage.  80   Searching for new redox reactions in aqueous electro-
lytes represents a major research opportunity. In particular, 
advancements in nanoengineering may enable better control of 
the complex battery reactions to offer long cycle life, such as 
with the lead–acid battery chemistry. As an example, nanoengi-
neering approaches have been extensively used in lithium-ion 
battery research and have shown potential for enabling conver-
sion and alloy type reactions.  77 , 81 – 83     

 Batteries with built-in safety mechanisms 

 Lithium-ion batteries primarily rely on the battery manage-
ment system to ensure their safety; however, there have been con-
tinuous attempts to improve the inherent safety of these batteries. 
The approaches include: (i) redox shuttle for over-charge protec-
tion. A compound soluble in the electrolyte is designed to be 
oxidized at potentials just beyond the upper limit of electrode 
charging potential. The oxidation product then migrates to the 
negative electrode surface where it is re-oxidized. This mechanism 
thus creates a chemical short inside the battery, while preventing 
unwanted irreversible reactions that may lead to battery safety inci-
dents and cell failure.  84   (ii) Mechanisms to cut off electronic or 
ionic  ow at high temperatures or in the event of an internal short. 
Separators are designed to melt at elevated temperatures that dras-
tically reduce the porosity of the separator and prevent further 
 owing of ions.  65   (iii) Addition of  ame retardants to the electro-

lyte. Phosphorous or halogen-containing compounds have been 
extensively studied.  64   However, the amount of  re retardant to be 
effective also tends to negatively impact battery performance, 
with reduction at the negative electrode being a leading cause. 

 The effectiveness of using any built-in mechanism depends 
on the relative rates between the on-set of the mechanism and 
that of thermal runaway. Consequently, detailed modeling 
and testing are necessary whenever a change is made to cell 
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materials or formats. Finally, the majority of the research work 
has focused on mitigating thermal runaway or f lammability. 
Developing inherent safety mechanism in response to mechan-
ical abuse remains a less explored endeavor and represents a 
major research opportunity.   

 Batteries with essentially no combustible organic materials 

 All solid-state batteries have been a persistent research topic 
for the past two decades  85 , 86   and features prominently on the 
roadmap of Japan's NEDO.  15   A clear advantage is that these 
batteries are free of volatile,  ammable organic solvents. Con-
sequently, the total combustible energy is signi  cantly lower 
than that of commercial lithium-ion batteries. Additional advan-
tages of solid-state batteries include high energy density and 
long calendar and cycle life. For example, it is possible to use 
lithium metal as the negative electrode material, which greatly 
increases cell energy density.  87   It is also possible to use cathode 
materials such as FeS 2  which normally does not cycle reversibly 
due to material dissolution into the nonaqueous electrolyte 
solution.  88   The stable interface between electrode material and 
electrolyte results in few parasitic reactions in solid-state batteries 
and contribute to the long life of the battery. Comprehensive 
reviews of solid-state batteries have been published recently.  85 , 86   
This article only discusses issues that are relevant to EV energy 
storage. 

 Early solid-state batteries used thin-film electrode and 
electrolyte layers. An example was the Li/LIPON/LiCoO 2  cell 
developed at Oak Ridge National Laboratory.  40 , 89   The electro-
lyte layer, LIPON, prepared by sputtering Li 3 PO 4  in a nitrogen 
atmosphere, is a nitrogen-doped lithium phosphate, and has a 
conductivity of  ∼ 10 6  S/cm. The low conductivity mandates the 
use of a very thin electrolyte layer to minimize the resistance. 
Despite the outstanding cycling stability of these batteries 
(>10,000 cycles demonstrated), the actual energy density of the 
device is very low since most of the battery is made of substrates 
and packaging materials. 

 Fabricating a bulk version of the solid-state battery has 
proven to be challenging. First, a solid-state ion conductor with 
much higher conductivity needs to be developed. For reference, 
common lithium-ion battery electrolytes have conductivities 
of  ∼ 10 2  S/cm.  90   There are several electrolytes, including 
La 0.5 Li 0.5 TiO 3 , Li 3.25 Ge 0.25 P 0.75 S 4 , Li 7 P 3 S 11 , and Li 2 S–SiS 2 –
Li 3 PO 4  with conductivities of >10 3  S/cm  91 – 94   and a recent 
development of Li 10 GeP 2 S 12  with a conductivity of >10 2  S/cm.  95   
Many of these phases use highly polarizable elements such as 
sulfur to enhance ionic conductivity. Unfortunately, the pres-
ence of these elements also gives rise to electronic conductivities 
as well as limited electrochemical stability window. One solu-
tion to this dilemma is to use electrochemical materials with 
very high capacities but with work potentials within the stability 
window. Recent work demonstrated that cathode materials such 
as TiS 2 ,  96   FeS 2 ,  88   and a polymer composite made by the reaction 
between polyacrylonitrile and sulfur show stable cycling with a 
sulphide-based electrolyte.  87   It is thus important to develop the 
right electrolyte/electrode combination so that interfacial redox 
stability can be ensured. 

 An even greater challenge for bulk solid-state batteries is the 
large interfacial resistance. Ideally, the electrode is composed of a 
solid–solid composite of active materials and the electrolyte where 
(i) all the active materials are connected electrically, perhaps with 
the assistance of an electrically conducing additive; (ii) all the elec-
trolyte materials are connected to ensure continuous ion conduct-
ing pathways; and (iii) the interface between the active material 
and the electrolyte is free of voids to provide a continuous electro-
chemical interface. The third requirement is particularly challeng-
ing, in contrast to batteries with liquid electrolytes where the liquid 
readily permeates into the pores of the electrodes and can manage 
volume change associated with the charge–discharge cycle. Cur-
rent fabrication methods are not conducive to forming composites 
as described above. In general, powders of electroactive material, 
electrolyte, and conducting additives (most likely carbon black) are 
mixed thoroughly and pressed into a pellet. Residual porosity is 
usually unavoidable and there is no mechanism to ensure the for-
mation of the ideal structure described above. Breakthroughs in 
materials processing are critically needed in this area. 

 Finally, all-solid-state batteries have to deal with the volume 
change and mechanical stress experienced during operation. 
Lithium-ion battery materials are known to experience varying 
degrees of volume change. For example, graphite expands by 
 ∼ 13% when it is fully lithiated to a composition of LiC 6  while 
LiCoO 2  expands by  ∼ 1.9% when it reaches a composition of 
Li 0.5 CoO 2 .  97   These volume changes are minor compared to 
the materials of higher capacities. As mentioned previously, Si 
expands by  ∼ 300% while S expands by 80%  98   when it transforms 
into Li 2 S. In an all-solid-state battery, it is highly unlikely any 
appreciable amount of volume change is acceptable, to prevent 
crack formation that may lead to catastrophic failure. Conse-
quently, the need for electrode materials with very small volume 
changes is of paramount importance for solid-state batteries.   

 Multifunctional energy storage systems 

 If energy storage chemistries and architecture can provide 
inherent safety, then multifunctional designs become possible. 
These energy storage devices could provide structural functions, 
including load transfer and energy absorption. 

 The concept of structural power dates back to the early 2000s, 
when various systems were evaluated under DARPA's Synthetic 
Multifunctional Materials Program. For example, prismatic cells 
were used as parts of the wing for an unmanned air vehicle, 
which achieved record f light time.  99   In this case, the battery 
served as both the power source and as part of the structure. 
To achieve this, the mechanical strength of the battery was 
increased by external reinforcement. An alternative approach is to 
make the battery itself truly structural by changing the material 
composition and structure of battery electrodes and separator. 
This approach is exemplified by the work of Snyder et al.  100   
Both mechanical and electrochemical performance goals were 
considered in the battery design which dictated the material 
choices. For example, the polymeric electrolyte layer requires 
high ionic conductivity; however, the ionic conductivity of a 
polymeric material often correlates inversely with its mechani-
cal strength. Nonetheless, this truly multifunctional approach 
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represents a new paradigm in material design and engineering 
and holds great potential in realizing weight and volume sav-
ings on the system level. Research efforts in this area persist 
to this day.  101 – 103   For example, chopped carbon and glass  bers 
were used as  llers to the polymer matrix in both the electrode 
and electrolyte region.  104   A battery that is load bearing with a 
tensile modulus of 3.1 GPa was fabricated, which achieved an 
energy density of 35 Wh/kg. Similarly, when highly elastic pol-
ymers are used to form the battery matrix, elastic batteries can 
be fabricated showing a reversible elastic strain of over 35%. 
More recently, carbon  ber composites have been used to con-
struct an electrochemical capacitor and its integration as the 
roof of an automobile has been suggested.  105   

 If the targeted application is for automobiles, multifunc-
tional design can be considered on multiple length scales. In 
addition to material and cell level solutions discussed above, 
pack and vehicle level opportunities are possible. For example, 
mechanical testing results of cylindrical lithium-ion battery 
cells show an energy absorption density of 0.27 J/g before cell 
failure.  106   The cell can be viewed as a steel tube filled with 
packed powders immersed in liquids. Likewise, a water  lled 
steel tube has been shown to absorb energy of nearly 4 J/g.  107   On 
the pack level, a recent design  108   builds battery cells into subu-
nits, which are connected together using structural hinges. 
Upon mechanical impact, the battery pack can deform without 
sacrificing the mechanical integrity of the battery cell. The 
deformation absorbs part of the impact energy and contributes 
to vehicle occupant safety. In other words, the energy storage 
system, instead of being protected by additional vehicle struc-
ture, was able to participate in vehicle crash management and 
helped to protect vehicle occupant. Such additional functionality 
presents a powerful design opportunity that a vehicle equipped 
with an ICE does not have. The ability of the battery to absorb 
crash energy represents novel pathways to whole vehicle level 
optimization. A basic requirement for utilizing this mechanism 
is to ensure the inherent safety of the energy storage system.    

 Summary and Outlook 

 To drastically reduce the cost and improve the range of EVs, 
a safety-centric approach is proposed. The energy storage system 
can be considered as part of the vehicle mechanical structure to 
carry load and participate in vehicle crash energy management. 
The net result is a reduction in the total weight of the vehicle 
and an increase in range without the need to carry more energy 
onboard. This multifunctional design can also be viewed as a 
pathway to use energy storage chemistries that are inherently 
safer but with slightly lower speci  c energy than lithium-ion 
batteries as long as the total vehicle weight does not increase. 
This expansion of the choices of chemistries is critical in broaden-
ing our search for low-cost alternatives to lithium-ion batteries. 

 We conclude by pointing out the following research topics to 
enable such a safety-centric approach:

   
      (1)      High speci  c energy density aqueous batteries including 

advanced alkaline batteries, e.g., high-capacity metal 
hydrides with nickel oxide or air cathodes;  

     (2)      Liquid-fueled  ow batteries with high speci  c energies;  
     (3)      All-solid-state batteries with (a) high conductivity electro-

lytes; (b) redox compatible electrode/electrolyte inter-
faces; (c) electrode materials with small to no volume 
change during operation; and (d) novel processing 
techniques that generate designed electrode/electrolyte 
composite structures;  

     (4)      Multifunctional designs that seek synergy between 
mechanical and energy storage properties of materials, 
architectures, and system designs.   
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