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A.1 INTRODUCTION 

One main objective of EVERSAFE Work Package 3 is to analyze how electric vehicles (EVs) will fit into 

the existing vehicle fleet with respect to crash compatibility. Before analyzing automotive energy 

storage systems (ESS) and their protective structures under crash loads, this report gives an 

overview of existing batteries and their installation on modern EV and PHEV. 

After having discussed the cell geometries which are the main components of ESS the different 

battery technologies are presented with their range of use. In order to obtain first approximations of 

mass and volume according to the power requirements  of the car design, some basic properties are 

explained. Then, the main existing geometries and installations of battery packs are summarized, as 

well as their specific energy capacity. 

This report also summarizes some important studies which were conducted to improve the passive 

safety of EVs. These improvements are divided into three levels: the battery design itself, the choice 

of its installation inside the car and the optimization of the neighbouring structure of the battery 

pack. 

 

A.2 OVERVIEW OF THE DIFFERENT BATTERY TYPES AND 
GEOMETRIES 

A.2.1 Cell geometries 

A battery is made of at least two electric cells which are connected together. The cells can be 

connected in series to give the overall voltage required. The main cell types to be found on the 

market are presented in Table A-1. 

 

Table A-1: Main cell types on the market [1] 

 Cylindrical Prismatic Pouch 

Geometry 

 

 
 

Thermal 

dissipation [2] 

Unfavourable ratio of the 

outer surface, high radial 

temperature gradients 

Good ratio of outer surface to volume, lower 

temperature gradients in depth (but still depending on 

cell thickness) 

Packing density Poor High High 

Structure Robust Robust Vulnerable 

Cost 
Low in standard shapes More expensive 

 than cylindrical 

Inexpensive 

 

Cylindrical cells are the most common cell type, especially for small lithium-ion cells used for 

consumer applications. The experience gained with the production of these small cells in the last 

decades can be applied for automotive cells, where the low packing density required for an EV leads 



EVERSAFE - Deliverable No. 3.1  Appendix A 

 

Page 2 of 15 

to production of larger cells in the future. Both the pouch cells as well as the prismatic cells provide a 

higher packing density on battery system level than cylindrical cells. Due to their hard cases, 

cylindrical and prismatic cells are considered safer. Nevertheless the pouch cell type is an interesting 

option for the automotive industry due to his high energy density and is flexibility regarding the 

design and packaging options [3]. 

 

A.2.2 Battery types 

Due to a chemical reaction, the cells will generate DC electricity. In the case of secondary or 

rechargeable batteries the chemical reaction can be repeated by reversing the current such that the 

unloaded battery returns to its original charged state. This explains the increasing interest for this 

type of battery for electric vehicles as they not only supply the energy to propel the vehicle but also 

are able to store the energy provided by breaking (regenerative breaking).The main battery types 

are summarized in Table A-2. 

 

Table A-2: Comparison of commercially available batteries [5] 

Battery Specific energy  

[Wh/kg] 

Energy density 

[Wh/l] 

Specific power  

[W/kg] 

Lead acid 30-40 60-80 180-250 

NiCad 40-60 50-150 125-150 

NiMH 60-120 140-300 200-1000 

Zebra 100 150 150 

Li ion 100-250 250-730 250-340 

Zinc-air 470-1370 800-? 105 

 
For a given battery type, the specific energy or the energy density requirement strongly depend on 

how the battery is used. By knowing the type of battery and its energy capacity (kWh), it is possible 

to have a first approximation of the battery mass by dividing the energy capacity by the specific 

energy (Wh/kg). In the same way, the battery volume can be approximated by dividing the energy 

capacity by the energy density (Wh/l).These calculations serve as a rough approximation only, since 

the energy stored in a battery varies considerably with factors such as temperature and discharge 

rate. Information about the energy capacity of currently used batteries is given in Table A-3. Figure 

A-1shows the variation of the energy density against the specific energy. 

 

 
Figure A-1: Comparison of energy density for various battery cell chemistries [4] 
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Specific energy can vary up to 200 Wh/kg for a given type of battery depending on its use.

the presented batteries are of interest for EVs. For example Zebra batteries (sodium metal chl

batteries) need to operate at a temperature of about 320°C which is the major limitation to their 

application. Metal-air batteries present the inconvenience that the process is not reversible; it 

means that the battery could be only recharged by repl

widely used battery type is the Li

 

A.2.3 Battery pack geometry

Battery cells can be supplied in a wide variation of heights, widths and lengths. This gives the 

designer flexibility, especially when start

could decide to spread the batteries over the whole floor area ensuri

integrate the motors and gearing with the wheel hub assembly.

and width, the designer can use every available space in the car and reduce the vehicle frontal area. 

Most battery cells can be grouped into modules

that they can be located under seats and anywhere else required

The scanning of existing and concept EVs

installations: tunnel mounting, floor integration, rear mounting, and platform type battery 

architectures 

• Tunnel mounting  

• Floor integration 

• Rear mounting 

• Platform 

 

The installation choice has direct consequences on the battery safety in case of crash.

 

A.2.4 Tunnel mounting 

One of the possibilities to fit the ESS in the car is to install it in the tunnel area

compartment. This configuration is often associa

under the rear seats, giving a T-form of the whole battery pack, 

 

Figure A-2: Battery pack of the Chevrolet Volt

 

 

                                               
1
http://www.popularmechanics.com/cars/hybrid

volt.com/2013/04/24/replacing-my-chevy
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Specific energy can vary up to 200 Wh/kg for a given type of battery depending on its use.

the presented batteries are of interest for EVs. For example Zebra batteries (sodium metal chl

batteries) need to operate at a temperature of about 320°C which is the major limitation to their 

air batteries present the inconvenience that the process is not reversible; it 

means that the battery could be only recharged by replacing the used negative electrodes. The most 

widely used battery type is the Li-ion Table A-3. 

geometry and installation 

can be supplied in a wide variation of heights, widths and lengths. This gives the 

designer flexibility, especially when starting with a blank sheet of paper or a blank CAD screen. 

could decide to spread the batteries over the whole floor area ensuring a low 

integrate the motors and gearing with the wheel hub assembly. By varying the 

d width, the designer can use every available space in the car and reduce the vehicle frontal area. 

grouped into modules and can be distributed throughout the vehicle

that they can be located under seats and anywhere else required [5]. 

sting and concept EVs, it is possible to make out four different battery

tunnel mounting, floor integration, rear mounting, and platform type battery 

installation choice has direct consequences on the battery safety in case of crash.

One of the possibilities to fit the ESS in the car is to install it in the tunnel area 

. This configuration is often associated with a second battery unit which is installed 

form of the whole battery pack, Figure A-2 and Figure

Battery pack of the Chevrolet Volt 
1
 

        
http://www.popularmechanics.com/cars/hybrid-electric/a6141/chevrolet-volt-top-products-2010/

chevy-volt-battery-in-2020/ 
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Specific energy can vary up to 200 Wh/kg for a given type of battery depending on its use. Not all of 

the presented batteries are of interest for EVs. For example Zebra batteries (sodium metal chloride 

batteries) need to operate at a temperature of about 320°C which is the major limitation to their 

air batteries present the inconvenience that the process is not reversible; it 

acing the used negative electrodes. The most 

can be supplied in a wide variation of heights, widths and lengths. This gives the 

with a blank sheet of paper or a blank CAD screen. They 

ng a low centre of gravity or 

By varying the cell height, length, 

d width, the designer can use every available space in the car and reduce the vehicle frontal area. 

distributed throughout the vehicle so 

different battery-pack 

tunnel mounting, floor integration, rear mounting, and platform type battery 

installation choice has direct consequences on the battery safety in case of crash. 

 under the passenger 

ted with a second battery unit which is installed 

Figure A-3. 

 

2010/; http://gm-
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Figure A-3: Battery pack of the BMW ActiveE

 

One should pay attention to the design of the surrounding structures of a tunnel battery pack. For 

instance, the Chevrolet Volt accident report 

battery due to neighbouring structures in case of a side

 

A.2.5 Floor integration 

The most widely used installation for the battery pack is to 

removable, component if the floor

the previous packaging, the battery is not included in the tunnel but is situated under the floor. 

Some concepts like the BlueZero from Daimler propose to put the battery in a sandwich structure 

under the floor, see Section A.3.3

 

Figure A- 4: Battery pack of the Bolloré Bluecar

 

Figure A-5: Battery pack of the Citroen C Zero (also Mitsubishi i

                                               
2
http://www.dailytech.com/Tesla+vs+BMW+Who+Has+the+Safer+EV/article34101.htm

3
http://www.avem.fr/actualite-batteries

http://www.bollore.com/fr-fr 
4
http://www.largus.fr/mondial/2010/citroen
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Battery pack of the BMW ActiveE 

2
 

One should pay attention to the design of the surrounding structures of a tunnel battery pack. For 

instance, the Chevrolet Volt accident report [8] mentioned an intrusion in the cooling system of the 

structures in case of a side-crash. 

The most widely used installation for the battery pack is to put it under the occupants

removable, component if the floor as it is presented from Figure A- 4 to Figure A

ious packaging, the battery is not included in the tunnel but is situated under the floor. 

Some concepts like the BlueZero from Daimler propose to put the battery in a sandwich structure 

A.3.3. 

Bolloré Bluecar 
3
 

: Battery pack of the Citroen C Zero (also Mitsubishi i-MiEV) 
4
 

        
http://www.dailytech.com/Tesla+vs+BMW+Who+Has+the+Safer+EV/article34101.htm 

batteries-lithium-bollore-va-investir-250-millions-d-euros-supplementaires

http://www.largus.fr/mondial/2010/citroen-c-zero-electrique-en-toute-logique-166346.html 
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One should pay attention to the design of the surrounding structures of a tunnel battery pack. For 

mentioned an intrusion in the cooling system of the 

put it under the occupants as a built, but 

Figure A-10. In contrast to 

ious packaging, the battery is not included in the tunnel but is situated under the floor. 

Some concepts like the BlueZero from Daimler propose to put the battery in a sandwich structure 

 

 

supplementaires-1481.html; 
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Figure A-6: Battery pack of the Mercedes B-Class Electric Drive 

5
 

 

 

 
Figure A-7: Battery pack of the Smart ED 

6
 

 
 

 

 
Figure A-8: Battery pack of the Nissan Leaf 

7
 

 

                                                
5
http://www.conceptcarz.com/z21912/Mercedes-Benz-B-Class-Electric-Drive-Concept.aspx 

6
http://www.smartcarofamerica.com/forums/f170/battery-pack-dimensions-83145/ 

7
http://autobirdblog.com/wp-content/uploads/2010/06/Nissan_Leaf_undercarriage.jpg 
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Figure A-9: Battery pack of the Th!nk City

 

Figure A-10: Battery pack of the Toyota RAV4 EV

 

This installation offers advantages regarding the cooling of the battery, the low 

the chassis and an optimal use of the space. One can suppose that this battery placement

more likely exposed to various impact scenarios (frontal, side, rear and undercarriage) due to its 

wide presence in several compartments of the

 

A.2.6 Rear mounting 

Another used installation for ESS is the rear location, as shown from

configuration ensures space is retained in the cabin, but it does make the pack vulnerable in a rear 

impact.  

 

Figure

                                               
8
http://www.eco-question.com/think-city

9
http://www.thedetroitbureau.com/2011/04/first

10
http://www.treehugger.com/cars/2012
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: Battery pack of the Th!nk City 
8
 

: Battery pack of the Toyota RAV4 EV 
9
 

This installation offers advantages regarding the cooling of the battery, the low 

the chassis and an optimal use of the space. One can suppose that this battery placement

more likely exposed to various impact scenarios (frontal, side, rear and undercarriage) due to its 

in several compartments of the car. 

Another used installation for ESS is the rear location, as shown from Figure A-11

is retained in the cabin, but it does make the pack vulnerable in a rear 

Figure A-11 Battery Layout for Ford Focus 
10

 

        
city-zero-emissions-battery-electric-vehicle 

http://www.thedetroitbureau.com/2011/04/first-drive-toyota-rav4-ev/ 

w.treehugger.com/cars/2012-ford-focus-electric-a-closer-look-2011-detroit-auto-show.html
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This installation offers advantages regarding the cooling of the battery, the low centre of gravity of 

the chassis and an optimal use of the space. One can suppose that this battery placement could be 

more likely exposed to various impact scenarios (frontal, side, rear and undercarriage) due to its 

1 to Figure A-15. This 

is retained in the cabin, but it does make the pack vulnerable in a rear 

show.html 
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Figure A-12: Battery pack of the 

 

Figure A-13: Battery pack of the Renault Fluence Z.E.

 

Figure A-14: Battery pack of the Tesla Roadster
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http://www.dailytech.com/Tesla+vs+BMW+Who+Has+the+Safer+EV/article34101.htm
12

http://www.autozine.org/Archive/Renault/new/Fluence.html

press/wp-content/uploads/2013/12/batterie
13
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 Mini E 

11
 

: Battery pack of the Renault Fluence Z.E. 
12

 

: Battery pack of the Tesla Roadster 
13

 

        
http://www.dailytech.com/Tesla+vs+BMW+Who+Has+the+Safer+EV/article34101.htm 

http://www.autozine.org/Archive/Renault/new/Fluence.html; http://d2ojs0xoob7fg0.cloudfront.net/evtv

content/uploads/2013/12/batterie-zoom.jpg 
http://www.zemotoring.com/reviews/2010/tesla-roadster-sport-2-5; http://www.teslamotors.com/blog/bit
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Figure A-15: Battery pack of the Toyota Prius PHEV 

14
 

 

A.2.7 Platform 

The last platform type that can be identified is the platform type design. A distinction between the 

floor integration and platform type batteries has been made as the former consists of a battery pack 

that is a removable, yet integral, part of the floor and requires a special protective structure and 

floor design. The latter, platform battery, is part of a more modular chassis approach and does not 

have the obvious, removable, battery pack. The BMW Life Drive, Figure A-17, shows how the 

platform has a more distributed battery cell distribution and the platform is not integrated into the 

floor structure but becomes the floor structure. 

 

 
Figure A-16: Battery pack of the Tesla model S 

15
 

 

 
Figure A-17: Battery Pack Design of the BMW Life Drive 

16
 

                                                
14

http://www.contracthireandleasing.com/car-leasing-news/toyota-kicks-off-plug-in-trial-in-france/; 

http://insideevs.com/how-toyota-could-change-the-world/ 
15

http://www.designnews.com/index-dn-

ad.asp?gotourl=http://www.designnews.com/author.asp?doc_id=268557&dfpPParams=ind_184,industry_auto,bid_22,aid

_268557&dfpLayout=blog 
16

http://www.bmw.com/com/en/insights/corporation/bmwi/concept.html#lifedrive 
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Figure A-18: Battery pack of the Coda Sedan

 
The platform design has similar advantageous to the floor integration but can provide more 

flexibility and design space for batteries. These designs can be vulnerable in pole side impacts if the 

batteries are distributed out to the vehicle periphery and ar

 

A.2.8 Summary concerning existing battery packs

The most widely used batteries in electric cars are the Li

under the car occupant or at the rear of the car essentially.

existing EVs with the energy capacity of the battery and the nominal electric range.

 

Table A-3: Modern EV list, with battery type, energy capacity and electric range

Model Manufacturer 

Prius ZVW30 Toyota 

Mega City Aixam 

REVAi REVA 

Smart ED Daimler 

Chevy Volt GM 

C-Zero/i Citroen/Mitsu 

Smart ED Daimler 

Fluence Z.E. Renault 

Th!nk City Think global 

Focus E Ford 

Leaf Nissan 

EV1 GM 

Fit EV Honda 

Bluecar Bolloré 

Whip Wheego 

Coda Coda 

ActiveE BMW 

Mini E BMW 

Rav4-EV Toyota 

e6 BYD 

Roadster Tesla 

Model S Tesla 

                                               
17

http://www.mycodasedan.com/forum/viewtopic.php?f=4&t=2
18

http://en.wikipedia.org/wiki/Electric_car
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: Battery pack of the Coda Sedan 
17

 

The platform design has similar advantageous to the floor integration but can provide more 

flexibility and design space for batteries. These designs can be vulnerable in pole side impacts if the 

batteries are distributed out to the vehicle periphery and are not adequately shielded. 

Summary concerning existing battery packs 

The most widely used batteries in electric cars are the Li-ion cells. Their placement is mainly located 

under the car occupant or at the rear of the car essentially. Table A-3 gives an overview of some 

with the energy capacity of the battery and the nominal electric range.

: Modern EV list, with battery type, energy capacity and electric range 
18

 Battery type 
Energy  

[kWh] 
Release 

Lithium-ion 4.4 2009 

LFP LiFePO4 9 2006 

Lead-acid 9.6 2009 

Zebra (Na-NiCl2) 13.2 2010 

Lithium-ion 16 2007 

Lithium-ion 16 2009 

Lithium-ion 16.5 2012 

Lithium-ion 22 2011 

Lithium-ion 23 2008 

Lithium-ion 23 2011 

Lithium-ion 24 2010 

NiMH 26.4 1999 

Lithium-ion 29 2013 

LFP LiFePO4 30 2011 

LFP LiFePO4 30 2011 

LFP LiFePO4 31 2012 

Lithium-ion 32 2010 

Lithium-ion 35 2009 

Lithium-ion 41.8 2010 

LFP LiFePO4 48 2012 

Lithium-ion 53 2010 

Lithium-ion 40-60-85 2012 

        
ttp://www.mycodasedan.com/forum/viewtopic.php?f=4&t=2 

http://en.wikipedia.org/wiki/Electric_car 
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The platform design has similar advantageous to the floor integration but can provide more 

flexibility and design space for batteries. These designs can be vulnerable in pole side impacts if the 

e not adequately shielded.  

placement is mainly located 

gives an overview of some 

with the energy capacity of the battery and the nominal electric range. 

18
 

Nominal electric 

range [km] 

23 

100 

120 

110 

65 

170 

135 

195 

160 

122 

117 

190 

132 

200 

160 

142 

151 

240 

160 

300 

393 

260-370-426 
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A.3 PURPOSE DESIGN FOR BATTERY INTEGRATION 

A.3.1 Deformable battery pack concept 

The “E performance” research project [7] demonstrated the feasibility of an innovative concept to 

improve the crash safety of electric vehicles. The idea behind this concept is to avoid rigid and rather 

heavy battery housings by making the entire system deformable when a certain force is applied in a 

crash. It provides more space for energy absorption. At the same time the acceleration pulse is 

reduced.  

 

 
Figure A-19: Principle of the deformable battery pack [7] 

 

Due to a special shape of the so-called “macrocells” the energy is dissipated in several directions 

inside the pack and gets absorbed by deformation elements between the cells as presented in Figure 

A-19. The deformation elements, for example made from aluminium, serve as cooling or cell venting 

ducts. Since the entire system consists of a large number of macrocells it is very flexible in size and 

outer shape configurations due to its modularity. 

 

 
Figure A-20: FE model in pole side impact [7] 

 
This new deformable battery concept is still under development, in parallel with numerical 

simulation as shown in Figure A-20. 

 

A.3.2 A safe place for the battery 

The current passive safety requirements require an adequate strength of the passenger 

compartment, an adequate space in the deformation area to absorb the kinetic energy and 

eventually compatibility with other vehicles or with pedestrians. ESS and high voltage systems 
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required for EVs bring up new challenges for the crash safety performance. Previous experiments on 

EVs showed the importance having no intrusion in the battery pack during the crash. If the battery is 

penetrated, chemicals like electrolyte or cooling liquids can spread away and cause inflammation or 

explosion, as it is to see on Figure A-21. 

 

 
Figure A-21: Battery exploded after aside crash test (FMVSS 214) and resulting car [8] 

 

The specific requirements of the three deformation zones are listed below: 

• Front end: High relative velocities, often partial overlap at accidents (offset) 

• Rear end: Low relative velocities, large deformation space 

• Side: Very low deformation path, mainly bending load on the components, large door 

openings 

These deformation zones are represented in Figure A-22. 

 

 
Figure A-22: Deformation areas for front, side or rear impact [9] 

 

In order to define the protection zones for the battery, existing databases have been analyzed[10]. 

One important example is an analysis of the damage of approx. 9,000 vehicles involved in severe real 

world accidents from the German In-Depth Accident Study (GIDAS) database [11]. Figure A-23 

compares the resulting deformation matrix of a station wagon with the vehicle intrusions in the 

standard crash tests. 
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Figure A-23: Deformation probability in severe real world accidents (passenger cars, top view, 

vehicle front on the left) [11] 

 

In the SmartBatt project [12], simulations have been carried out to determine a safe place for the 

battery and to meet crash safety requirements. The reference vehicle is the SLC (Super Light Car) 

[13]. Different load cases were analyzed: frontal, side, pole and rear impact. Accident statistics were 

combined with computational simulations to find possible structural solutions for the EV body. 

 

 
Figure A-24: Investigated concepts within the maximum package, SmartBatt project. The C4 battery 

system has been considered as the best one [12] 

 

Finite Element Method simulations alone did not allow all configurations to be analyzed because of 

the considerable computational time that is required for full car crash simulations. To achieve the 

optimization, the program VCS (Visual CrashStudio) was used to perform more than 10,000 

simulations. This program is based on Super Folding and Super Beam Elements [14]. 

 

A.3.3 Improving the structure around the battery 

One possibility to avoid the penetration of the ESS during a crash is to improve the structure around 

the battery pack to absorb as much energy as possible. Daimler proposed a sandwich floor concept 

to integrate the different ESS in the BlueZERO concept, see Figure A-25. This sandwich floor is 

already implemented in the A- and B-class. 
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Figure A-25: Daimler BlueZERO concept (sandwich floor) [15] 

 

Two another approaches were proposed by DLR to protect the ESS from side crashes [16]. The first 

one (Top-down-method) starts from a simplified vehicle model and consists of adding some 

absorbing elements (crash-cones), as it is shown in Figure A-26. 

 

 
Figure A-26: DLR Rib and Space-Frame concept [16] 

 

The second approach(Bottom-up-method) starts from component level and puts them together to 

design the car structure. These components are specific high-energy-absorption-parts which consist 

of beams filled with foam, Figure A-27. These beams show specific energy absorption increased by a 

factor of 2.5 in comparison with previous hollow steel beams and are used to build the rocker 

panels.  

 
Figure A-27: Difference in energy absorption between steel sections, hollow (black), foam-filled 

(blue) and sideways foam-filled (red) [16] 
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The materials are combined together with a purpose design, which means that the structure is 

designed as a ring to avoid local high strain values and thus the collapse of particular parts. This 

combination considerably improves the crash absorption and allows for the reduction of intrusion in 

case of a side pole test by a factor of 2.7 compared to the full vehicle, even without floor panel and 

seat structure, Figure A-28. 

 

 
Figure A-28: Reduction of the intrusion by side pole test thanks to specific ring design and specific 

foam-filled beams [16] 
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