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a b s t r a c t

This paper is a contribution to fasten integration of battery pack innovation in commercial Electric Ve-
hicles (EV) through massive digitalization: a seamless process detailed for battery design, battery safety,
and battery management. Selected results of studies carried out on the EV value chain from design to
recycling steps are presented, highlighting the importance of seamless integration and holistic state of
mind when designing EV. Association between experimental and numerical approaches for efficient
innovative EV production is crucial to achieve easy commercialisation. Successful forecasting of aging
and thermal runaway evolution from single cell failure at module level using such methods illustrates
their great potential. Hardware key counterparts under development are also introduced and give an
idea of future architecture of EV battery packs and overall improvement of EV energy efficiency. Finally, a
flexible and easily modifiable solution for battery electric vehicle (BEV) that allows rapid and cost-
effective integration of future innovation is presented. This paper globally illustrates key break-
throughs gained in the context of the collaborative research project named ‘DEMOBASE’, for DEsign and
MOdelling for improved BAttery Safety and Efficiency successfully submitted for funding by the European
Commission in response to a 2017 call dedicated to ‘Green Vehicles’ under the EU Horizon 2020 work
programme “Smart, green and integrated transport”.

© 2021 Elsevier B.V. All rights reserved.
om (P. Desprez), guy.marlair@
u).
1. Introduction

The carriage electrification for personal transport began as early
as in the 19th century. Prototypeswere built from the 1830s [1]. The
first historical breakthrough towards electric vehicle development
was the invention of a new rechargeable battery technology, lead-
acid batteries, by Gaston Plant�e in 1859. Gustave Trouv�e's tricycle in
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Fig. 1. Overview of different battery systems with aqueous and aprotic electrolytes.
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1881 is nowadays recognized as the first electric vehicle [2].
However, the workability of this vehicle was very limited due to the
existing electric power grid and power supply system at that time.
Then, continuous improvement led to an electric vehicle market
share weighing up to one-third of total vehicle sales in the early
1900s [1]. Vehicle electrification also impacted the first racing cars
with the famous rocket type electric vehicle nicknamed « La Jamais
Contente », which established a speed record at 105 km/h in 1899.
However, the first successful emergence of Electrical mobility was
rapidly challenged by the vapor machine and eventually killed for
decades by the emergence of the internal combustion engine (ICE).

In the early 20th century, the internal combustion engine took
advantage over all other automobile propulsion modes. It was
pushed by widely spread and low-cost oil, among other technical
benefits, including mileage capacity. In fact, a lead-acid battery has
a specific energy of 30 Wh/kg when diesel fuel combustion gen-
erates around 13 000 Wh/kg of energy. So, even considering 30%
efficiency for the propulsion and the need to integrate a gasoline
tank in the vehicle, the system proved to be the most efficient for
cars. Apart from the technical advantages of ICE-fired cars over
electric vehicles, the emerging market price of ICE cars was the
second killer of first electric car fleets in the US: the famous Ford T
model was sold some 650 US $ by 1912 while an electric roadster
was costing around 1750 US $ at the same time [3].

While some revival in the early 1990s of lead-acid and Ni/Cd
electric cars appeared, by the end of the 20th century, two root
causes have initiated a vehicle paradigm change. On the one hand, a
new regulationwas enforced by the law requiring a sharp reduction
of major pollutants in vehicles' exhaust gases. On the other end, Li-
ion technology innovation was introduced on the market with the
first product made commercially by Sony in 1991. In the 21st cen-
tury, the late awareness of fast emerging environmental concerns,
the recognition that existing fossil resources are limited, and ulti-
mately the significant impact of some international conferences on
climate change led to establishing regulations setting new re-
strictions for the use of thermal vehicles. Power Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) invention in 1970
also sharply improved energy efficiency in an electric vehicle. In the
2009 EU roadmap, it has been demonstrated that amid-size electric
car could lead to primary energy saving of 30% [4]. At the origin of
electric vehicle revival, Lithium-ion (Li-ion) technology provides
two key advantages: the desirable high energy density achieved
thanks to aprotic electrolyte, and extensive cycling capability ach-
ieved thanks to Li insertion process in layered host structures. The
benefit of aprotic electrolyte providing a larger electrochemical
operating window for the lithium-ion battery over the lead acid
system is illustrated in Fig. 1.

The technical innovation was supported by large investment.
Between 2009 and 2015, about 10e12 billion dollars were invested
worldwide in lithium-ion battery production. The investment was
favoured by public funding, like the American Recovery and Rein-
vestment Act of 2009. In Europe, The European Battery Alliance
(EBA) was launched in October 2017 by Vice President �Sef�covi�c who
reported that “Batteries are at the heart of the industrial revolution
and I am convinced that Europe has what it takes to become the
world's leader in innovation, decarbonization, and digitization” [5].

Consequently, lithium-ion costs through Giga-factory produc-
tion and associated supply chains sharply decreased. The global
electric car fleet was counting some 5 million units in 2018 [6].

The automotive pack cost is in constant diminution and is today
approaching 100$/kWh for NMC high energy density cells [7e10].
Consequently, cost parity amongst ICE and EVs becomes closer and
closer. In fact, low speed EVs are currently sold in China at a price
ranging from less than 4000 euroswith a battery pack of 9.3 kWh to
10 500 euros with battery packs of 31.9 kWh [11]. The total Cost of
2

Ownership (TCO) of EVs is already lower than the ICE counterparts
[12] and the expectation is that the production cost of EVs will also
decrease very soon [13]. Emerging technologies and drastic cost
reductions are changing the landscape of urban mobility leading to
new business models including semi-autonomous and fully
autonomous electric vehicles for the mobility of people and goods
[14].

Indeed by 2030, most of the world's population will be
concentrated in cities. Assuming today's trend continues, by 2050,
more than 80% of the world's population will live in an urban
environment. Cities are places of innovation; they are the drivers of
our economy and areas where wealth and jobs are created. That is
an opportunity for light electric vehicles and buses, illustrated by
their fast growth in the urbanmobility industry. The electric vehicle
all together leads to a mind shift in mobility and energy use [14]. In
this quickly evolving market targeting ambitious innovations
related is crucial. In this respect the DEMOBASE EU research project
has considered the most critical aspects: Safety, Robustness over
time, Fail operational and fail aware battery management (24*7
service capability), high performance in all climates, ergonomics,
affordability through low-investment manufacturing at vehicle
level, new power electronics, and recyclability.

The first concern is battery degradation and performance over
time. Electric-car batteries lose capacity over timedthough not
nearly as fast as those for consumer-electronics devices with a 1- to
4-year expected life. Losing 10% of capacity over an 8- or 10-year
warranty is not too big a deal, but losing 40% would be.

The second short term concern is the vehicle production cost. It
is mainly related to the battery cost, representing today around
30%e40% (see 2013 cost information in Ref. [15]) of the complete
vehicle price. The price includes direct production costs and
upfront investment to start manufacturing a new vehicle.

Today fail-safe concept stops battery operation when one cell is
outside safe conditions. While DEMOBASE battery system using a
fail-operational concept and fail aware battery management could
maintain the battery and the car operational. Fail aware functions
provide the battery safety state of the vehicle in operation to forbid
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vehicle use in restricted areas, like channels, and to ensure the
fastest maintenance operation.

To achieve these challenging goals, the DEMOBASE concept re-
lies on massive digitalization together with a seamless process
integrating battery design, battery safety, and batterymanagement.

After demonstrating the interest of a software collaborative
platform on a multi stakeholder environment, the research has
promoted the combination of both experimental and numerical
studies in particular to forecast aging and safety parameters at
module level. To tackle safety issues that are crucial, the modules
were designed with a fail-safe approach. A full-scale test was
conducted to validate model predictions and to measure emissions
(fumes and particles) in case of field failure of battery packmodular
components. In addition to the fail-safe design concept, an inno-
vative Battery Management System (BMS) using neural network for
its operation was investigated to estimate battery state parameters
and to track early stage default.

Hardware key counterparts under development is also intro-
duced and give an idea of future architecture of EV battery packs
and overall improvement of EV energy efficiency. Eventually a
flexible and easily modifiable solution for battery electric vehicle
(BEV) that allows fast integration of future innovation at a low in-
vestment cost production is presented. In this study, the disman-
tling and recycling stages were included as they are a core part of
sustainable EV design, even if yet too often considered as minor
aspects or just ignored at design stage of an EV.

Subsequently and globally, this article aims at briefly presenting
key results of studies carried out on the EV value chain from design
to recycling in order to highlight the though process of a holistic
and fast EV development process. More details in the scientific
underpinning approaches developed in the DEMOBASE project and
major breakthrough achieved have beenmade available as separate
communications or dedicated publications. Relating information in
the matter, as well as on the organization of the DEMOBASE project
itself has been made available to the readers in supplementary
information (see appendix A).

2. Vehicle design and seamless digital process

2.1. Proposition for a software (SW) collaborative platform

A collaborative platform for integrating simulation models has
been developed and demonstrated within the project. The platform
is a proof-of-concept that demonstrates how to achieve a common
integration and system simulation toolchain, within a project of
several partners that create sub-systems models in different soft-
ware tools.

The platform is based on the open FMI (Functional Mock-up
Interface) [16] which has become the de-facto standard for
exchanging simulation models between different softwares within
the automotive industry. With this standard, dynamics models are
exported and exchanged as FMUs (Functional Mock-up Units).

The platform allows integrating several sub-system FMUs into a
single system FMU, that can be simulated directly within this
toolchain or imported into any simulation software that supports
the FMI standard. The platform employs the Python based Jupyter
Notebook scripting environment for interfacing and controlling the
integration and simulation of the FMUs. This allows both interac-
tive and automated execution of the integration and simulation
process. The simulation of the system FMU is carried out through
the open source PyFMI Python package (for simulation of FMUs via
Python). The FMU integration is carried out via a Python wrapper
package for an external Java module (the FMI Composer backend)
that has been utilized and further developed within the project.

A case study was conducted for evaluating the platform in a
3

relevant scenario. In this scenario, a physics based electric power-
train model was exported as one FMU, which was combined with a
separate battery control software model exported as another FMU.
The powertrain model was implemented in the Modelica modeling
language [17] using the Electrification Library and the Modelon
Impact software. The battery controller software model was
implemented in Matlab/Simulink. A test case was created for the
system for simulating a charging procedure of the battery, to
demonstrate the interaction between the separate physics and
controller of the battery in the powertrain system. Part of the case
study was to demonstrate how causal plant (model of the physics)
and controller model (softwaremodel) interfaces could be set-up to
allow integration with external model.

The elements of the toolchain and integration/simulation plat-
form is seen in Fig. 2.

This platform has also served as a proof-of-concept for achieving
democratization of simulation models, where complex dynamic
system models are made available to non-expert model users via a
web browser interface. This has been demonstrated for both a
single Modelica modeling environment (Modelon Impact), and for
simulating models integrated from several tools via the Jupyter
notbook interface.

Furthermore, it has also been demonstrated within the project
how an automated integration and simulation procedure could be
executed as part of a continuous integration (CI) toolchain, using
the Jenkins software, and using this for regression testing to track
changes to simulation results for a system of FMUs.
2.2. Cell design and testing tools and methods

Guiding principles for cell design was developed in order to
facilitate easy assembly of several generations of cells, as well as
easy and scalable safety testing.
2.2.1. Cells with heater for safety tests
The prototyping from cells to vehicle has been enabled by the

development of original equipment. Pouch cells will be stacked in
modules or directly in the vehicle battery pack or chassis.

Whatever its implementation, mechanical integration can in-
fluence cell performance longevity. Specific holders have been
developed for this purpose to mimic genuine cell constraints inside
a module. Fig. 3 presents a cell holder developed to set cell pressure
during electrical tests. This sample holder was also used for aging
studies (see sections 2.2.2 and 2.2.3).

It is well-known that cell internal short-circuit has a very low
probability of occurrence due to manufacturing defects (below
10 ppm for consumer cells, down to ~ 0.05 ppm for screened
commercial cells for spacecraft application [18]). However internal
short in a cell remains an event that has to be considered for the
system global safety. The internal short circuit root cause can come
from pollution at production level or wrong cell integration in the
final product for example.

To assess this safety issue at very early development stage, a
specific pouch cell has been developed with an embedded internal
heater. The heater power is managed by an external power supply.
Fig. 4 presents the specific pouch cell with two terminals on its side
to power the internal heater.

Testing different chemistries at cell level, with high fidelity of
the final cell constraint at battery level participates to fast intro-
duction of battery innovation at BEV level. Moreover, pouch cell
equipped with this internal heater as shown in Fig. 4 has been
successfully used to study short-circuit consequence at cell, cluster
of cells and module levels and to confirm fail-safe behaviour of the
entire battery pack from this view point.



Fig. 2. Plant model FMU from Modelon Impact, and controller FMU from Simulink, combined and simulated as a single system FMU.

Fig. 3. Cell Holder to mimic module environment.

Fig. 4. Pouch cell with internal heater.
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2.2.2. Methodology to assess cell aging
The degradation of the modern mass-produced Li-ion battery is

a complex and versatile process. F Fig. 5a) illustrates the main
driving factors, degradation mechanisms, their interactions, and
consequences. Red and blue arrows indicate processes happening
with ( Is0 ) and without ( I ¼ 0) application of the current.
Absence of current implies no volume change DVol ¼ 0 and aging
process is reduced to Solid Electrolyte Interface formation on the
surface of anode particles. This surface denoted Acov, because in
4

such situations surface of the particles is covered by the SEI.
Resulting loss of electrochemically active lithium imply decline of
capacity denoted as DQir . In general, the irreversible capacity loss
depends on many factors, including metal deposition on anode and
decay of anode material, denoted as DQC6

. Cathode material also
can decay, dissolve, and corresponding capacity decline is denoted
as DQc. The cycling induced aging is more complex process, arising
from the volume changes during operation DVols0. This volume
change leads to the opening of fresh uncovered surface on anode
particles, which is denoted as Afr . SEI formation on freshly opened
surface is especially intense. More details about complex crosslink
between various degradation factors can be found in Li et al. [19].

From the scheme, one can conclude that for an accurate
description of the aging of Li-ion cells, at least three primary
degradation mechanisms should be considered: the loss of elec-
trochemically active lithium, the degradation of the positive elec-
trode (cathode) activematerial, and the degradation of the negative
electrode (anode) active material. As an object for the experiment,
3.2 Ah cylindrical cells with Nickel Cobalt Aluminium cathode and
mixed graphite/Si/SiOx anode had been selected; cells were pro-
vided by TianJin Lishen Battery Joint-Stock CO., LTD. The aging ex-
periment's main building brick is a regular and well-defined
characterization sequence, repeated systematically during the ag-
ing experiment. Notation (T, Cch, Cdis) indicates cycling experiment
performed under ambient temperature T, under Constant Current
Constant Voltage (CCCV) charging protocol, with constant current
C-rate Cch and constant current discharge C-rate Cdis. For example
(25 �C, 0.3C, 1C) corresponds to a cycling experiment performed
under an ambient temperature of 25 �C, charging with 0.3C and
discharging with 1C rates. Cut-off current in the CV part was set to
120mA in all experiments. All cycling experiments are organized in
the following way. At the beginning of the investigation, the
standard-characterization is applied. The standard characterization
is a sequence CCCV charging (1 C in the CC part with the upper



Fig. 5. a) Complexity of aging processes in modern Li-ion batteries. b) Characterization of NCA cell: static discharge voltages and estimated EMF.
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voltage threshold 4.2 V) and CC discharging with various C-rates
until 2.8 V. Fig. 5b) shows the characterization experiment per-
formed at the ambient temperature of 25 �C. For electromotive
force (EMF) estimation, extrapolation to the zero current was
applied (as detailed in previous work [20]). The maximal capacity is
defined at a charge extracted until EMF drops to 2.8 V.

The classic cycling experiment for a fixed cell consists of
repeated CCCV charging and CC discharging, separated by a short
rest period. Fig. 6a) illustrates fade in the cell's extracted capacity
when cycled with 0.3 CC charging and 1 C discharging current.

Fig. 6b) shows differential equilibrium voltage analysis for the
same cell, performed according to Lee et al. [21]. The lowest line
represents dVEMF/dQ function for the fresh cell. Each next line in the
vertical direction corresponds to dVEMF/dQ obtained during the
next characterization. Characterization is performed approximately
after a month of cycling. Analyzing cycling experiments with
varying charging current (25 �C, 0.1C, 0.3C), (25 �C, 0.5C, 0.3C),
(25 �C, 1C, 0.3C), (25 �C, 1.8C, 0.3C) it was also found that charging
regime is profoundly important for aging. In particular, it was
discovered that chargingwith high C-rates causes accelerated aging
of the cells with short-circuiting (most likely due to lithium plating)
after a few hundred cycles, see Fig. 7a. In contrast, analyzing set of
cycling experiments with varying discharging current (25 �C, 0.3C,
0.1C), (25 �C, 0.3C, 0.5C), (25 �C, 0.3C, 1C), (25 �C, 0.3C, 1.8C) it was
concluded that discharging regimes have little influence on the
Fig. 6. a) Capacity fade during (0.3C, 1C) cycling experiment. (b) Differential voltage analysi
cell. Each next line in the vertical direction corresponds to dVEMF/dQ obtained during the s
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aging (see Fig. 7b). In all cases, the main degradation mechanism
was lithium consumption, while the degradation of electrode ma-
terials was minor.

2.2.3. Forecasting aging of advanced SiOx cells
One of the aims of the cycling experiments performed by For-

schungszentrum Jülich in the DEMOBASE project was to find out if
it is possible to predict the aging behavior of the cells with com-
posite graphite Si/SiOx anode on the base of experiments with the
calendar duration not more than 4 months. From cycling experi-
ments, it follows that the main factor in the capacity loss of selected
cells was lithium consumption. Therefore, the application of the
lithium consumption model, according to Li et al. [22], is appro-
priate. Fig. 8a) illustrates the aging model's performance for the
case of (25 �C, 0.3C, 0.1C) aging regime. Cells were cycled between
Vmax ¼ 4.2 V and Vmin ¼ 2.7 V.

It can be seen that, on the basis of 4 months of the experiment,
the future aging of the battery can be predicted pretty well; the last
(8 months) point is deviating from the forecasted value less than
one percent. Fig. 8b illustrates the main contributions of lithium
consumption in the Solid Electrolyte Interface (SEI). The pink line
shows total lithium consumption in SEI, which also equals to ca-
pacity loss. The red line shows lithium consumption on the stable
part of the SEI, continuously growing according to calendar time.
The blue line corresponds to the freshly formed and subsequently
s for the same experiment. The lowest line represents dVEMF/dQ function for the fresh
ubsequent characterization.



Fig. 7. a) Influence of the charging regime on capacity degradation during cycling with the various charging current. The inset contains Coulombic efficiency for the two highest C-
rates. b) Influence of discharging regime on capacity degradation.

Fig. 8. a) Aging forecast based on the 4-month experiment, blue dots are experimental data, and the pink line is the model prediction curve for comparison. b) Main components of
the lithium consumption in the SEI layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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peeled SEI, and, therefore, is attributed to the cycling effect. The
black line marks a basis for the forecast, the first 4 months of the
experiment. It can be concluded that lithium consumption at the
stable part of SEI is the major contributing factor in battery capacity
loss.

2.3. EV performances design

Cell performances need to be assessed in the scope of the
complete vehicle system in order to take into account all existing
limitations such as current limits for battery usage as well as
electric machine and power electronic limitations. As a conse-
quence, a complete EV simulator has been developed based on
IFEVS design using Simcenter Amesim™ software.

This simulator uses specific submodels from Simcenter Amesim
libraries comprising Electrical Storage, Drive libraries calibrated
thanks to experimental data from IFPEN and IFEVS test benches. It
has then been validated against experimental data from the com-
plete vehicle showing the accurate prediction of vehicle energy
consumption as well as maximum speed. Furthermore, it has been
used in order to provide the consortium a realistic power profile of
the battery in use in the vehicle which can be used in turn to
validate and evaluate estimation or safety strategies.

In a second time, after validation, the vehicle simulator was
integrated in a Hardware in the Loop (HiL) system. In this experi-
mental setup, whose synoptic view is shown in Fig. 9, a single
battery cell is tested in a test bench with a climatic chamber with
the whole vehicle system simulated on the control computer. The
6

link between modelling platforms and the experimental setup is
ensured thanks to xMOD software. This allows the fast assessment
of a battery in a complete target system evaluating in the same time
the vehicle performance as well as the battery behaviour in realistic
conditions. The HiL system has been developed and tested using
the first generation of DEMOBASE cells and then the second gen-
eration cell has been installed and assessed in the system.

Several parameters are adjustable by users concerning:

- The cell: users can adjust the cell specifications such as current
or temperature limits, the initial state of charge, and the oper-
ating temperature.

- The pack: number of cells in series and number of parallel
branches (see in the next paragraph, detailed information on
battery pack architecture)

- The vehicle: the mission profile (WLTC, NEDC, Artemis …)

Some results are indicated in Table 1 where 4 duty cycles were
tested, the influence of temperature and of the number of parallel
branches has been assessed on a Worldwide Harmonized Light
Vehicles Test Cycles (WLTC) 3.1 duty cycle. In order to assess the
range of the vehicle, the tests are launched with the cell fully
charged and duty cycles are repeated (iterations) until battery
depletion occurring when the minimum voltage is reached.

The HiL system has been used on the 2 cells of the DEMOBASE
project. As the performance of the 2nd generation of cells is highly
increased compared to the first generation, as well as cell design,
the pack design has been adjusted from 28s12p or 28s 9p for the



Fig. 9. Synoptic view of HiL tests.

Table 1
Impact of road profiles and cell on vehicle behaviour.

Ist generation cell (HIL results)

Road profile Temp. (�C) Branches Active cell mass (kg) Iterations Range (km) Specific range (km/kg) Energy consumption (Wh/km)

WTLC 3.1 25 4 162.96 16 248 1.52 87.8
WTLC 3.1 25 3 122.22 12 188 1.54 87.7
WTLC 3.1 25 2 81.48 8 122 1.49 87.9
WTLC 3.1 25 1 40.74 4 57 1.39 89.7
WTLC 3.1 5 3 122.22 11 172 1.40 88.0
NEDC 25 3 122.22 15 171 1.40 94.2
HWFET 25 3 122.22 9 154 1.26 105.1
Urban Armetis 25 3 122.22 39 193 1.58 84.3

2nd generation cell (Amesim simulation results, HIL test in progress)
WTLC 3.1 25 4 89.6 12 194 2.16 88.4
WTLC 3.1 25 3 67.2 9 144 2.14 88.2
WTLC 3.1 25 2 44.8 6 94 2.09 88.9
WTLC 3.1 25 1 22.4 3 43 1.91 93.5
WTLC 3.1 5 3 67.2 8 131 1.96 90.6
NEDC 25 3 67.2 11 131 1.95 95.6
HWFET 25 3 67.2 7 120 1.78 105.3
Urban Artemis 25 3 67.2 29 147 2.18 86.7
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first generation to 28s4p or 28s3p in the second generation. Besides
the specific range (being the range of the vehicle divided by the
mass of cells) is used to compare the performance of the battery
system.

First regarding the duty profile, it shows that energy con-
sumption of the duty profile comprising few high speed phases
(urban ARTEMIS) is lower compared to high way duty cycles
(HWFET) leading to higher urban range 193 km for 1st gen cells and
147 km for 2nd gen cells compared to 154 km and 120 km
respectively.

In terms of comparison of the two generations of cells, at the
level of average energy consumption, it appears at first glance that
there is no difference between the two generations of cells, except
for slight differences in consumption for the tests WLTC/1 branch/
25 �C, WLTC/3 branches/5 �C, and NEDC/3 branches/25 �C.
7

But in fact, these slight deviations reflect significant differences
in the behaviour of the packs corresponding to these two genera-
tions of cells. The 1st generation cells, by their own characteristics
and the fact of being assembled by three (3p), lead to limit currents
in charge and in discharge much higher than with the 2nd gener-
ation cells. As a result, all speed profiles pass without problemwith
1st generation cells, which is not the case with 2nd generation
cells: the discharge current limit is reached for high speeds for the
test WLTC/1 branch/25 �C, and for the test NEDC/3 branches/25 �C;
the charge current limit (in braking regeneration) has been reached
for the test WLTC/3 branch/5 �C.

Coming back to the 1st generation cells and the WLTC cycles,
there is no limitation related to the number of branches, and the
autonomy is proportional to the number of cells in the pack. The
temperature has only a very weak effect in reducing the number of
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iterations by the premature reaching of the low voltage limit of the
cells.

Finally, both technologies can be compared one to another, for
certain cycles, keeping in mind that the total energy of both battery
packs with the same number of parallel branches are different.
Consequently, the range usingWLTC with 4 branches is higher with
first generation (248 km compared to 194 km) since the total
amount of energy is higher in the 1st generation pack. However, the
specific range is higher in the 2nd generation pack (2.16 km/kg
instead of 1.52 km/kg) emphasizing the better performance of the
2nd generation cells, as long as the current limits are not reached.

Thanks to the HiL tests, not only fast assessment of the vehicle
behaviour has been allowed for a given cell to analyse the impacts
of duty cycles and operating conditions but also a fast assessment of
new cell behaviour and its impact on the whole vehicle perfor-
mances was also allowed.

2.4. Battery safety

Battery safety should be thought of during early development
phase of the battery pack and should consider the whole value
chain, including recycling and possible development of emerging
uses of EV like vehicle to grid (V2G) in connection to the devel-
opment of smart grids. In addition, the European directives on
vehicle end-of-life and on batteries (2006/66/EC), the latter to be
repealed by a new European Regulation give in the field tights re-
quirements on the battery end-of-life.

When designing an EV, it seems important to take into account
the last elements of the accidental database and anticipate the
evolution of the normative and regulation frame. It requires the
active participation or a follow-up of the different relevant working
groups.

2.4.1. Battery pack architecture
The battery pack is design to allow fail operational functionwith

a parallel branch configuration. The number of branches defines
cars portfolio according to their range. All cells are not connected in
series, which allow vehicle to be in operation even when losing a
battery branch. Fig. 10 describes the battery pack architecture with
3 branches in parallel.

2.4.2. Gas flammability and emission toxicity
As a consequence of a battery thermal runaway event, a broad

range of hazards can be produced: electrical, chemical, thermal.
Among this variety of hazards, gas emission is probably the most
difficult to evaluate but is paramount to ensure EV safety. Emitted
Fig. 10. DEMOBASE battery pack architecture.
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gases are not only potentially toxic but can also be flammable [23].
The properties of emitted gases are important as required inputs

in risk assessment (underground parking lots, vehicle passenger
compartment, environmental considerations).

The nature, the volume and the way gases are emitted should be
taken into account during the battery pack design to implement a
good gas management system.

In the DEMOBASE project, a gas analysis was performed during
the validation test at module level. The module is composed of 9
NMC(111)/graphite flat pouch cells with a nominal energy of 70Wh
each and a specific energy of 145 Wh/kg. Among the 9 cells
composing the module, thanks to the fail-safe architecture of the
module, only 3 participated to the reaction and no flames where
observed during the thermal event. Main results of gas analysis are
presented in Fig. 11.

The gas mixture is classical for a battery thermal runaway not
resulting in flaming combustion. The mostly emitted gases/vapors
(in mass) are carbonates coming from the electrolyte. Lower
quantities of H2 are also emitted but representing a consequent
volume. Those gases are flammable and might create an explosive
atmosphere. On the toxic side HF emission and POF3 are detected.
These emissions have to be taken into account to protect passen-
gers or first responders in case of accident.

The study of emissions should not be limited to gases, particles
should also be considered. That is why in DEMOBASE project a
metallic particle analysis using quartz and cellulosic filters was put
in place. Mains results are presented in Fig. 12. More than 70% of
particles mass came from the cathode (NMC), 20% come from the
lithium salt (LiPF6) and 8% from positive current collector (Al).
Probably because of copper high melting point (1085 �C), and since
the module reacted without flaming combustion process and as a
consequence reached relatively low temperatures (425 �C
measured on the outside of the cell), no copper particle was
detected.

The study of flammability and gas emission should not be
limited at cell and component levels. Cell integration in a pack and
pack integration to a vehicle can indeed add newgas species in case
of field failure. In that context, plastic component selection for use
in the battery pack developed in the DEMOBASE project was also
studied in terms of fire safety aspects by fire calorimetry.

One other input of the Computational Fluid Dynamic (CFD)
model proposed is its capability to evaluate the combustion process
and to predict the characteristics of emitted gases, based on ex-
periments at cell scale. Using this smoke composition, toxic risk for
the surrounding environment can then be estimated taking into
account the dispersion process, typically solved by the fluid me-
chanic code.

2.4.3. Thermal runaway (TR) propagation
When the EV industry moved away from aqueous battery

technologies to organic electrolytes, the hazardous profile of the
batteries has drastically changed and the EV market face now the
well-known thermal runaway hazard [24]. For years, research to
find additives or compounds that prevent TR were conducted but
the available feedback showed that the thermal runaway of one
element in a battery pack cannot be ruled out for any battery
technology or cell design. That is why safety feature of an EV should
consider the limitation of the propagation of a TR from an element
to another [25]. The battery industry and normative frame seems to
be in agreement with this trend.

In the DEMOBASE project, a “fail-safe” approach has been
chosen.

In this context, and to consider different phenomenon, several
complementary models have been developed under different
software platforms. All the models use experimental data as inputs



Fig. 11. Main results of the gas analysis performed during the module short-circuit test.

Fig. 12. main results of the particle analysis performed during the module short-circuit
test.

Fig. 13. a) 3P7S module structure proposed by I-FEVS for the vehicle battery pack b)
IFPEN 1D thermal runaway propagation model developed on Simcenter Amesim™
software.
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or for model validation.

2.4.3.1. 1D thermal runaway propagation. A detailed 1D thermo-
chemical model of battery module thermal runaway has been
developed by IFPEN using Simcenter Amesim. This model aims at
fast computing simulation of thermal runaway propagation
regarding several operating conditions, design and initiations [26].
Each element of the module (battery cell, compression pad, heat
sink, bus bars, firewall etc.) is described as an 1D submodel with
lumped parameters as can be seen in Fig.13. For simplification sake,
the module has been modelled as a 3p3s submodule.

To obtain the parameters for the 1D propagation model, several
experimental campaigns have been carried out:

First the cell thermal runaway model has been developed and
calibrated [25] using dedicated Heat Wait and Search (HWS)
technique pertaining to Accelerating Rate Calorimetry (ARC) tests
performed by Ineris. This cell model is able to account for thermal,
electrical behaviours as well as gas release during venting.
9

Then thermal parameters of the module have been evaluated
thanks to IFPEN test bench tests in non-accidental conditions: The
thermal response of the module was analyzed through different
conditions: with/without electrical solicitation, cooling system On/
Off. Based on the experimental results and taking into account the
non-homogeneous heat transfer conditions the different exchange
thermal coefficients of each cell within themodulewere optimized.

Finally, the performance of the 1D thermal model including
thermal runaway performance was successfully validated thanks to
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Ineris abuse tests. As a consequence, the module simulator is then
able to predict both thermal and electrical behaviours of the
complete module, as can be seen in Fig. 14 and Fig. 15. These figures
show the comparison between experimental and model results
during a propagation test where the thermal runaway is initiated in
cell 5 and the cooling system is working leading to a heat transfer
coefficient of 65 W/m2/K with a water cooling flow at 20 �C.

For each cell, two experimental measurements are available at
the top (meas_up) and bottom (meas_down) of the cell. These
experimental results are compared to the numerical results
(AMESIM). The numerical results are close to the experimental one
with a good range of temperature and a good temporal evolution.

As a consequence, this model can be further used in a para-
metric study in order to assess the impact of the firewall thickness
on the thermal runaway propagation. The initial firewall is a
1.5 mm thick steel plate. The parametric study evaluated the
thermal behavior of the module in cases when the thickness is
changed to 1/100, 1/10, 1, 10 and 100 times its initial value. In this
simulation the water cooling system is off. The results are shown in
Fig. 16.

These results show that no matter the thickness of the firewall,
there is no thermal runaway propagation to the neighbouring
clusters as cell 3 and 7 do not go into thermal runaway. For higher
firewall thickness, thermal runaway propagation may also be pre-
vented inside the central cluster. However this would be achieved
at the expense of the overall pack specific energy since the firewalls
are weights that are not used for energy storage.

2.4.3.2. 3D thermofluidic model. A detailed 3D thermo-fluidic
model has been developed by SAFT (Fig. 17), the proposed model
targets the thermal behavior of the battery under operating and
abuse conditions. The model is built in Simcenter NX, in which the
heat transfer module is used to implement the conduction, con-
vection equations while the radiation was ignored. The model
considers the heat transfer by conduction in the cells, the pack case,
the cooling system, and the air surrounding the cells by convection
with a fixed heat transfer coefficient while the air convection in the
pack is ignored [25].

According to the computer-aided Design (CAD) of IFEVS, the
geometry considered in the model represents an assembly of a
single module of a battery module (7S3P ¼ 7 clusters in series with
the cluster consists of 3 cells in parallel). The main parameters
required are the specific heat capacity, density and thermal con-
ductivity of each solid material, these parameters were given by
SAFT and IFEVS.

For the safety analysis, the middle cell (cell 2, group 4) is
considered to have the TR. The ARC tests performed by Ineris are
used to model the heat flow generated by the thermal runaway of
Fig. 14. Experimental (meas.) and modelling (AMESIM) results of the electrical evo-
lution of a '3S3P module with operating cooling system' after a thermal runaway.
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cells. The remaining cells of the module behave according to the
heat transfer from a cell in the thermal runaway through different
paths (heatsink, busbar, electric contact, etc) (see Fig. 17).

The abuse model study thermal behavior and the risk of cell-to-
cell propagation within the module. No generation of gas by the
failure cell is considered in this abuse simulation. The thermal
propagation is assumed to be dominated by the thermal conduc-
tion of the different paths between the TR cell and the surrounding
cells through the electrical contact and the busbar, the contact
surface between the cell pocket and the heat sink of the other cells.
As gas venting is not considered in this study, the heat transfer by
convection and the heat generated by the combustion of the gas
cannot be directly taken into account.

2.4.3.3. 3D CFD model. The thermal behaviour of Li-Ion battery is a
complex mechanismwhere different physics should be considered.
Ineris approach consists here to consider each physics with a
different way of modelling. First, as shown on previous picture, the
chemical process inside the cell is not modelled but considered
using the Heat Release Rate (HRR) curve experimentally obtained
for each cell. The objective in the future would be to enable the user
to evaluate the global battery HRR using a cell scale test. Such an
approach opens the possibility to model the effect of the triggering
abuse condition on the thermal runaway event.

This HRR profile is then used as an input which subsequently
enables the evaluation of the thermal runaway propagation hazard
taking account of both conduction due to the solid contact between
the elements and the energy release by the combustion of the
electrolyte.

The combustion model is based on the FireFOAM CFD code and
is used to predict gas dispersion in the surrounding volume, taking
into account typically, the quantity of oxygen that can be used due
to the battery casing. The model is based on the Navier Stokes
equation for fluid flow, coupled with a combustion model to take
into account the energy release. The combustion model is then
parametrised to correspond the real characteristics of the fuel, here
the battery electrolyte. The results of this approach is the temper-
ature distribution in the gaseous phase and radiation from the
flame. Those two quantities are then used, also in the code, to es-
timate the net heat flux on the different surfaces. Such a thermal
flux is used as a boundary conditions in the thermal conduction
model to predict the inner cell temperature. An example of result is
plotted in Fig. 18.

The conduction inside the element is then the key part of the
modelling approach. Based on the heat equation, this model takes
account for both the energy release by the cell during the first
phases of the thermal runaway process, before the cell opens, but
also the thermal heat flux coming from the gaseous part due to the
electrolyte combustion of the different cells. Obviously, such a
model considers the different safety systems that can be introduced
inside the battery as insulation plates for example.

This approach provides the temperature distribution in the
different parts of the battery, typically, this enables the prediction
of the temperature rise, due to external heating for each cell. Then,
when a given cell reaches the threshold value, typically 120 �C, the
thermal runaway process is activated in this cell and leads, some
seconds after, to electrolyte release and associated combustion.

This approach is complementary with those presented previ-
ously. It does not predict with high precision the cell behaviour
itself as others but consider the influence of the different heating
mechanisms.

2.4.3.4. Experimental validation: fire contribution. To validate the
different simulations, a test at module level has been conducted.

To initiate the thermal runaway, an internal short-circuit has



Fig. 15. Experimental and modelling results of the cell temperature, configuration studied: 3S3P module with active cooling system.

Fig. 16. Effect of the firewall thickness on thermal runaway propagation in the central cluster (cell 4, cell 5 and cell 6) and to neighbouring clusters (cell 3 and cell 7).
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been induced. The relating procedure is illustrated in Fig. 19. The
module is composed of an assembly of 3 clusters, each of them
composed of 3 LiNi1/3Mn1/3Co1/3O2 (NMC 111)/graphite flat pouch
cells. Each cell has a nominal energy of 70 Wh, a specific energy of
145 Wh/kg measure 220 � 177 � 10 mm and were assembled by
11
SAFT (Bordeaux-France).
In agreement with the previously presented models, it shows

that in case of internal short circuit of a cell, the thermal runaway of
the abuse cell is limited to the neighbouring cells and does not
affect other clusters.



Fig. 17. Thermal runaway propagation from overheat of the middle cell.

Fig. 18. Illustration of the 3D CFD model at the cluster level.
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2.5. Battery recycling based on cell BOM

Favoring fast innovation integration in battery technology also
requires thinking of End-of-Life (EoL) of previous generation sys-
tems. During DEMOBASE project, Accurec has investigated different
industrial-scale recycling technologies for lithium ion batteries in
Europe. The current recycling industry shows mainly 4 different
recycling processes which are shown in Fig. 20. Accurec has
investigated the elementary recovery rate in individual step in each
recycling process for each valuable material.

The result was collected and integrated into a smart calculation
tool which provide recycling yield based on input material of the
battery pack and selected recycling process. As a result, the
Fig. 19. Video extracts of an internal sho
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recycling process of battery pack can be theoretically calculated
based on cell BOM (Bill Of Materials). 3 different cells, which were
developed by SAFT during DEMOBASE project, can be selected as
input material (Fig. 21), the module (Fig. 13) and pack BOM are
provided by IFEVS, completing BOM of the whole battery pack.

One of the 4 different recycling processes schematized in Fig. 20
can be selected by the user in the following window shown in
Fig. 22 in order to simulate the recycling process. After that, a
summary of the selected recycling process is shown in Fig. 23.

As an output of the calculation tool, possible recycling element
with its initial input weight, overall recovery rate and recycled
weight are listed in a table. Here, all the elements and/or compo-
nents which could be potentially recycled are listed. The initial
weight represents the input weight from the EoL battery pack for
the recycling process. The recycled weight represents the weight of
output products after the recycling process. Element recovery rate
is the product weight divided by initial weight.

A more detailed material flow can be potentially presented
(Fig. 24) which shows how the selected material flows over each
individual step of the recycling process. E.g. for cobalt, the input
weight is 10233.72 g, no cobalt is lost or recycled by dismantling
activity, there is 0.9 wt% cobalt loss in thermal treatment. Hereafter,
it was estimated that 11.8 wt% cobalt was lost in mechanical
treatment resulting in 87.1 wt% collected for pyrometallurgy pro-
cess which has another 3.4 wt% loss. In the end, 83.6 wt% cobalt was
delivered to hydrometallurgy process for deep recovery, separation
and refining and 82.7 wt% is eventually recycled. The most signif-
icant cobalt loss appears to take place at mechanical treatment. The
calculation tool helps users to understand the recycling efficiency
step by step along the recycling process and potentially allows
further process improvements.

Accurec has investigated different industry scale lithium-ion
battery recycling technologies and estimated recycling efficiency
of those processes. Based on the battery pack BOM, input material
for recycling process can be defined, and subsequently, the recy-
cling product can be also simulated.
2.6. BMS

2.6.1. From electrochemical model to BMS
The electrochemical model which has been developed during

the project is mainly based on the well-known Newman's
approach. This kind of model needs numerous parameters. Some
parameters are design parameters and other ones are relative to
intrinsic activematerial properties, like solid diffusion coefficient in
activematerial, exchange current density, electronic conductivity of
rt circuit test of a 3 cluster module.



Fig. 20. Possible recycling processes for EoL lithium-ion batteries.

Fig. 21. Input material for calculation tool, from cell to module to pack.

Fig. 22. Smart calculation tool process selection window.
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the electrode. Indeed, an important part of the model development
activity was linked to the characterization of all these parameters,
specific of each active material. The model has been implemented
in COMSOL© software and validated against experimental test.
Eventually this Full Order Model has been reduced to a single
13
particle model for purpose of BMS integration. For State-of-Charge
(SOC) evaluation, a nonlinear observer was used, based on a
reduced form of the electrochemical model. More details on the
nonlinear observer are given in the article of P.Blondel et al. [27].
The layout of applied modeling process is depicted in Fig. 25.



Fig. 23. Smart calculation tool result window.

Fig. 25. New framework validated within the project.

A. Bordes, D.L. Danilov, P. Desprez et al. eTransportation 11 (2022) 100144
Final achievement , thanks to the DEMOBASE project, was the
validation of this new framework and the identification of several
ways of improvement for future research in order to further in-
crease the obtained accuracy. Fig. 26 shows on a dynamic electrical
vehicle profile the SOC obtained with the observer as compared to
real SOC from a perfect current counter on a 17Ah pouch cell.
Fig. 24. Smart calculation tool de
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The estimation of SOC is computed for each electrode according
to following equation

SOCpos ¼100�
�
cpos0 � cpos

�

�
cpos0 � cpos100

�

SOCneg ¼100�
�
cneg � cneg0

�

�
cneg100 � cneg0

�

where C100 and C0, are the concentrations in Lithium at respectively
100% of SOC and 0% of SOC for the considered electrode (positive
(pos) or negative (neg)).

and where cs represents the average concentration of lithium in
the electrode s for an average SOC estimation or the surface con-
centration for an instantaneous SOC estimation.

Also worth to notice is that the observer enables to estimate
instantaneous SOC based on the estimation of the concentration at
the surface of the particle which can be valued for vehicle
management.

The reduced form of the electrochemical model has been also
used by a partner of DEMOBASE project to train Neural Network
based solution for SOC (see x1.6.2). Finally the evaluation of key
performance indicators (KPI) for the project compared this frame-
work to safe operating area (SOA) which is based on equivalent
circuit models.
2.6.2. Advanced solution for SOC assessment
Most current solutions to determine the State-of-Charge (SOC)

are based on high precision current sensors in order to be able to
use current integration, better known as Coulomb Counting.
However, this method accumulates integration errors over time,
which yields in the need for periodic recalibration. This can be done
by fully charging the battery to set the SOC at 100%, but the battery
might not always be fully charged during a charging step. In this
case the battery is not fully charged, a certain rest time is needed
tailed material flow window.



Fig. 26. Comparison of SOC from observer and real SOC on dynamic VE profile.
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before the recalibration, which collides with the intended use of
most battery applications. To overcome these issues, many models
have been developed, like heuristic models, equivalent circuit
models and physics-based models [28]. Additionally, filters like
Kalman-filters are applied to the simulation output to get more
precise results. Equivalent circuit models are empirical models that
do not work well outside of their calibration domain, which limits
their use cases. The physics-based electro-thermal models do not
suffer from this problem, as they model the real physical behaviour
that happens in the battery. Physical models are calibration inten-
sive, because the structure (e.g., electrode geometry) and chemistry
(e.g., compounds, mixing rations) of the battery cell must be well
known. These parameters are typically trade secrets of the manu-
facturers and measuring them is time consuming and complex.
Additionally, these models tend to be computationally intensive.

In addition, all these solutions and models have in common that
they require the initial SOC to be known, which is equivalent to the
recalibration issue exposed above.

A novel approach is to use neural networks to estimate battery
state parameters. For the SOC determination, this approach has the
benefit that the initial SOC does not need to be known and the need
for recalibration is removed. The drawback of neural networks is
that many measurement data is needed in order to train the used
network. In DEMOBASE, a new approach to overcome this draw-
back was investigated. A physical battery model was calibrated, as
the structure and chemistry of the cell used in the project was
known. This physical model was then used to run arbitrary input
vectors and generated enough data to train a neural network. The
number of measurements needed to calibrate the physical model
was much lower than the very extensive and long measurement
series that would have been needed to generate the training data
for the neural network.

Fig. 27 shows a neural network-driven simulation output
compared to the measured SOC. The simulation methodology was
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described in Ref. [29] The measured SOC was derived from a high-
precision current sensor with a calibrated SOC at the beginning of
the experiment. The experiment, a real world driving cycle by
battery electric vehicle, started with a 1 h long constant current
draw (light and air condition turned on, no driving), a moderate
dynamic driving cycle, followed by a fast charging cycle (50 kW)
and again followed by a moderate dynamic driving cycle.

In addition to remove the need for SOC initialization and peri-
odic recalibration, another benefit is that a complex electro-
chemical model is not needed to be implemented on the BMS
anymore, instead only the simple neural network needs to be
transferred to the BMS platform. This step is much simpler as neural
networks computations correspond to matrix operations, which
can be easily implemented and have the additional advantage to be
very fast and computational effective.
Fig. 27. Neural network driven battery cell SOC estimation.



Fig. 28. Experimental validation of the fault diagnosis with open-circuit introduced on
first block 2 P (a) and second block 2 P (b).
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2.6.3. Advanced solution for safety software (SW) functions
Abuse events in Lithium-ion battery packs are difficult to track

at early stages by conventional fault-diagnosis methods. Due to
several causes of scattering between cells, even amajor abuse event
can be considered as aweak signal to track. Open-circuits imply the
over-aging of the battery pack and this unexpected loss of power
and energy directly impacts the battery availability.

Recent developments in Artificial Intelligence offer new op-
portunities for weak signals tracking. However, Deep-Learning
concepts always require a huge amount of data to be trained,
which is nearly unfeasible or time and cost consuming in industrial
applications such as battery pack, especially for abuse events
testing. To solve this issue, a modelling approach based on a
purpose-built equivalent circuit electrical model is used to create
and train a neural network for open-circuit fault diagnosis. By
combining the architecture of a classification neural network with
input data which integrates both measurements and their deriva-
tive, the proposed diagnosis method can easily classify data
evolving through time and detect an open-circuit in real-time.
Indeed, the developed network combines temporality complexity
with pattern recognition simplicity.

The methodology is first applied to a battery mock-up with
2P2Se2 P battery architecture to allow experimental validation.
183 750 patterns are generated by simulation. Then, the same
methodology is applied on a full Electric Vehicle battery pack. More
than 21 million of patterns are generated by simulation. Generated
data correspond to several levels of current, initial state-of-charge,
scattering in aging and unbalance. Fig. 28 presents the fault diag-
nosis results obtained experimentally on battery mock-up and
Fig. 29 presents the fault diagnosis results obtained by simulation
on an Electric Vehicle battery pack profile.

The results obtained on an Electric Vehicle battery pack profile
validate the reliability of the method. The use of modelling to train
Neural Networks for the detection of abuse events offers new
possible functionalities for safety purpose or maintenance antici-
pation. Only few tests are required for the validation of the
network. It allows keeping physical understanding and knowledges
with main effort on modelling to be representative from field.

3. Hardware counter parts design and prototypes

3.1. High energy SiOx cells

BEV vehicle performance is closely linked to lithium-ion cell
performances in terms of specific energy, safety behaviour, recy-
clability, aging. Cell chemistry becomes wide with fast introduction
of new active materials. Positive active material can be differenti-
ated by the crystallographic structures: Olivine (eg.: Lithium Iron
Phosphate -LiFePO4), lamellar (eg. NCA, NMC), spinel (eg.:
LiMn2O4). Negative electrode for energy cells is mainly based on
graphite, amorphous carbon, Silicon, Silicon oxide. To optimize
battery performances, blend and composite of several materials are
developed. An overview of electrochemical performance of active
materials are given in Fig. 30.

With more than 2 times the graphite capacity, SiOx material is
an intermediate between graphite and silicon compounds (SieC).
Contrary to high silicon-based materials, SiOx added in few per-
centages in blend with graphite, limits the lithium consumption
during passivation and induces a manageable electrode expansion
in charge. Consequently, SiOx-based anodes have similar binders to
the classically ones used for graphite. For these different reasons,
maturity of this technology is higher than SieC or pure Silicon ones,
even though the energy density increase is limited.

Use of a given recipe is application dependant. It can also be
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related to raw material cost, which is a driver today for the devel-
opment of low Cobalt content material like NMC811.

Prototyping of pouch cells allow early test of new cell definition
from processability to performances. The pictures on Fig. 31 present
lab scale active mass ink preparation at Saft before its coating on
electrode.

Several prototyped pouch cells have been developed with
different designs and capacities. Depending of the application, the
performances target and the energy density to reach, the formu-
lation and the design of the electrodes must be specific.

In this way, the NMC622 or NMC811 will allow to increase the
specific capacity while the definition of the graphite or graphite-
SiOx blend impact battery specific capacity. Cell design (electrode
thickness, porosity, …) optimizes cell performances on energy,
power and lifetime to fulfil battery pack performance specification
of range, charging time and lifetime. In this study, a negative
electrode activematerial mixture including up to 15% SiOx has been
chosen and the impact on cell performance and safety behavior is
examined.

Awide range of pouch cells are manufactured from 5 Ah tomore
than 100 Ah on Saft prototyping lines. They have been used to
develop DEMOBASE cells. Fig. 32 presents the pouch cells
developed.

C-rate results are represented in Fig. 33 with NCM811/graphite
design in terms of capacity, Energy and specific Energy.

The specific energy in pouch cells is higher than 250 Wh/kg for
the project cells with the highest energy density (Mter pouch cell
design). The same design, with NCM811/graphite, in prismatic
PHEV2 like cells allows to reach 240 Wh/kg.



Fig. 29. (a) Current and voltage measurements provided to the network. (b) Command of disconnection and results of the fault diagnosis on an Electric Vehicle battery pack model
with open-circuit introduced on first module.

Fig. 30. Lithium-ion Active material overview.

Fig. 31. Lab scale preparation of electrode ink.
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3.2. BMS hardware: fox BMS

In order to guarantee a safe and efficient operation of the battery
system, a battery management system (BMS) is required. The main
objective of the BMS is the protection of the battery system from
unsafe system states by keeping the battery within its safe oper-
ating area (SOA). The second objective of the BMS is the optimum
use of the battery system in terms of available power, charge and
discharge capacity and lifetime. In practice, these two objectives are
not always compatible. For instance, a conservative SOAwill ensure
safe operation and long battery lifetime. On the other hand, these
17
safety margins will reduce the battery performance, i.e., the avail-
able power and useable capacity [30].

In order to overcome this contradiction, the BMS has to provide



Fig. 32. 3 generations of cells for DEMOBASE project with opposite (LS, LU and MU
types) tabs and “rabbit type” tabs configuration (Mter type).
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reliable and highly accurate state estimations, allowing safe oper-
ation of the battery without rigid safety margins. This can be
reached by a BMS design that provides highest levels of reliability in
combination with sufficient computing power to run the advanced
sate estimation algorithms as described in this paper. This chal-
lenge is addressed in the design of the advanced open source BMS
development platform foxBMS. In the course of DEMOBASE, the
hardware and software of foxBMS were further adapted, modified
and enhanced to fit the requirements of the demonstrator vehicle
in the project.

The hardware design files and the bill of materials for foxBMS
are available free-of-charge along with the embedded software
source code, the software toolchain and the documentation on
www.foxbms.org.

The basic architecture of foxBMS is designed similar to auto-
motive state-of-the-art systems: BMS Slave Units for measuring cell
voltages and temperatures are mounted on each battery module.
The BMS Slave Units are then connected to a central BMS Master
Unit via a proprietary communication interface depending on the
used analog frontend. The software implementing the BMS func-
tionality runs on the microcontroller of the Master Unit. The
following list gives a short overview of the functions the BMS
Master Unit of foxBMS incorporates:

� Data acquisition from battery sensors: BMS Slave Unit (e.g., in-
dividual battery cell voltages and temperatures), global pack
voltage sensor (high voltage) and pack current sensor

� Sensor data processing and monitoring of the Safe Operating
Area (SOA) of the battery
Fig. 33. C-Rate for different pouch generations (from LS
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� State estimation of the battery (e.g., state of charge, state of
health, state of function, state of safety)

� Communication with higher level control units (e.g., Vehicle
Control Unit)

� Control of actuators (e.g., contactors, chargers, cooling) and
additional safety components

In addition, various communication interfaces and memory
components (e.g., large non-volatile data storage) are added, meant
to be used especially during BMS and algorithm development to
support short design cycles. These components, however, may not
be part of an industrialized automotive BMS solution for cost rea-
sons. Further, a flexible selection of monitoring solutions provided
by various battery monitoring IC manufacturers can be covered
using another aspect of the modular approach: the interface elec-
tronics between the microcontroller on the Master Unit and the
proprietary communication interface of the IC on the slave unit is
kept separately as an add-on board. Complementary, the embedded
software interface is kept lean to enable easy selection and inte-
gration of one of the many supported monitoring solutions.
3.3. Battery pack

The basic criteria adopted can be summarized in the following:

� Develop battery assembly approaches easy adaptable to the
continuous evolution of battery cells.

� The in-the-vehicle integration addressing long-term structural
robustness-safety including thermal insulation is likely themost
competitive and cost-effective route to be addressed. This re-
quires a close collaboration amongst automanufacturers, Tier1s,
semiconductor companies, designer of automated processes for
cells and complete battery packs. The purpose being the
development of standardized cost competitive and high per-
forming energy storage solutions easily adaptable to the re-
quirements of the majority of Original Equipment
Manufacturers (OEMs).

� Reduced safety over time (aging) due to time increasing electro-
thermal expansion and retraction of battery cells. For instance,
pouched cells during charging and discharging tends to expand
to Mter type) l. Charge CCCV (C/3-4.2 V) e 23 �C.

http://www.foxbms.org
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in and retract thickness some 1% up to 8% when electrodes have
a high content of silicon. Aged pouched cell even when using
electrodes with low content of silicon might increase their
thickness some 8% when at their 80% of the initial capacity [31].

� The safe integration of cells intomodules then into battery packs
poses heavy electro-mechanical constraints. Cylindrical cells are
less critical than pouched cells because they are not packed in
close contact, but the problem remains critical also for cylin-
drical cells.

� Limited modularity and high cost battery pack assembly on top
of the cost of battery cells. Many approaches are currently
explored to address modular battery systems adaptable to
different vehicle architecture. The battery pack optimisation in
the context of vehicle integration cost reduction considering
passenger ergonomics, structural safety and thermal insulation
remains a far less than a mature topic.
Fig. 35. A semiconductor-based battery disconnect switch safely shuts off 500A at a
nominal voltage of 450 V.

Fig. 36. Basic concept (left) of a sensor (right) to monitor the pressure inside a battery
cell.
3.4. Battery disconnect switch: design and demonstrator

One of the probably most critical functions of battery manage-
ment is the battery disconnect switch, which separates the high
voltage/high energy/high power battery from the rest of the car's
electrical net. Up to now, rather bulky and heavy mechanical
switches are featured to cut off the current flow as quickly and as
complete as possible in case of emergencies. Semiconductor
switches can do that job by more than 3 orders of magnitude faster
with much less than half the weight and volume. Fig. 34 shows the
basic electrical circuitry to employ them.

The optimisation of the transistor characteristics and its cooling
protocol within an optimized package has been one of the goals in
DEMOBASE. The voltage and current traces of the demonstrator
shown in Fig. 35 demonstrate a significant step towards this goal.

In this short circuit turn-off test on a demonstrator consisting of
five 10mOhm 600 V MOSFETs, a current of about ~100A per device
at Vin ¼ 450 V could be switched off within microseconds without
destruction.

Providing devices optimized for critical BMS-functions enable
new opportunities in functionality, versatility, and enhanced
intrinsic safety for battery system developers.
3.5. Cell pressure sensor: design and demonstrator

A second device further developed in DEMOBASE is a sensor to
measure directly the pressure inside a battery cell. Fig. 36 shows on
the left the basic concept as a schematic cross-section of a sensor
glued directly over a hole in the wall of a battery cell, and on the
right a modified automotive pressure sensor, which has been
employed for this setup.

Through the pressure port, a set of capacitive membranes and
suspension elements are exposed to the medium, of which the
pressure is to be measured. Since the electrolyte of battery cells in
almost all cases contains rather aggressive components, it is
advisable to cover the exposed parts of the pressure sensor with an
Fig. 34. Basic circuitry for a semiconductor-based battery disconnect switch.
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inert material, which - of course - must not deteriorate the func-
tionality of the sensor membrane.

Besides testing the durability of different gel options, the impact
of such a gel plug on the sensor functionality has been a focus of the
DEMOBASE development. Fig. 37 shows, as one of the results, the
reduction in the pressure reading as a function of different pressure
port sizes.

Evidence has been shown that an increase in cell pressure over
cycling, is non-linear phenomenon with temperature. Besides the
additional safety margin by early & distinct detection of troubles,
this could be used as independent, additional input for (State of
Health) SoH calculations [32].
4. Proposition for a sustainable and low cost investment
vehicle

4.1. Requirements for dismantling

Before recycling, the EV battery packmust be dismantled. Due to
the large battery capacity and high voltage of a battery pack, the
Fig. 37. Reduction in the pressure reading by different pressure port sizes.



Fig. 38. Complexity of the current manufacturing process of automotive chassis.

Fig. 39. DEMOBASE vehicle.
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battery pack can be only dismantled by qualified engineers. Accurec
has investigated structures of several inhouse battery packs from
different electric vehicle OEMs. Based on these investigations, the
following dismantling process for electric vehicle battery pack was
recommended. The dismantling process steps are:

1. Remove the disconnector plug and voltage measurement

This should be the first step of dismantling since, removing the
disconnector partially disconnects the circuits and reduces the
voltage, on the other hand, contacts are available for measuring the
voltage of the battery system.

2. Open the battery pack housing

Depending on the sealing technology, housing parts can be
connected by screws or sealing or (laser) welding etc. Nowadays,
most housing parts are connected by screwswhich is relatively easy
and safe for dismantling. When housing parts are connected by
sealing or welding, special care should be taken during opening the
housing regarding safety, since housing parts are strongly con-
nected, resulting in the need of applying cutting tools. Without
knowing the internal structure, cutting the pack housing is likely to
produce in heat, sparks, vibrations into the battery pack resulting in
potential short-circuits of the modules/batteries or other further
safety risks.

3. Remove the cooling system

The cooling system might cover a large area of the battery pack
in order to provide cooling performance. In this case, the cooling
system has to be removed first. An air-cooling system consists of
inserted plastic channels and is usually easy to remove. In the case
of a liquid cooling system, attention should be paid to the possi-
bility of liquid leakage resulting in contaminating the rest of the
battery pack and inducing further safety risks e.g., battery short-
circuit or chemical reaction between chemicals.
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4. Release the connection between cell and cell controller and
remove the electronic circuits

Each cell connects to the cell controller separately. Normally,
these connections are built together as strands for a battery pack. If
the electrical connections to the cell controller are disconnected in
a wrong sequence, this can lead to overvoltage in the electronics
and destroy them (fire risks). Therefore, the correct disconnection
order must be strictly observed. Then all electronic parts e.g.,
control board and cell controller, beside battery packs should be
removed carefully.

5. Release the connection between copper wire and the battery
pack

The next step is removing wires which connect to cell modules
and thereby disconnect the circuit. Exposed ends of wires should be
insulated with tape until final removal. Depending on the number
of cells per module and on the internal connection modus (in series
or parallel), the voltage of cell module varies. Nowadays, the
voltage of module is normally lower than 60 V which is in-between
low and high voltage in Electric Vehicle application based on an UN
agreement. Therefore, module can now be made relatively safe for
further disassembling.

6. Remove modules and further dismantling

In this step, all connections between modules to battery pack
housing are disconnected. The modules are linked to the battery
pack in different ways depending on the attachment technology,
resulting in different tools to be used in this step. Regarding safety,
special care should be taken when these connections are discon-
nected during cutting, since these actions are likely to induce bat-
tery short-circuit and other safety issues. When the module is
removed from the battery pack, the inside-cells can be safely
removed from the module, just as normal lithium-ion batteries in
consumer electronics.

The above-mentioned dismantling process assures the highest
dismantling and recycling safety for the DEMOBASE battery pack.
4.2. Vehicle design and prototype: low investment manufacturing of
vehicles

The DEMOBASE vehicle has been developed by applying the
Flexible, Agile and Lean manufacturing approach being imple-
mented in the I-FEVS microfactory, the result of common activities
among CLN-GROUP MA, IFEVS and Comau driven by the concepts
developed in a cluster of EU projects.

While most of the debate is on batteries and electric power-
trains, the major challenge still facing the automotive industry is to
reduce energy, time and investments (costs) in the manufacturing
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of automotive chassis. The investment needed to produce a new
safe chassis suitable for an electric vehicle is usually higher than
100 MV, thus making the return of the investment very uncertain.
The construction of moulds, metal sheet stamping and robotic as-
sembly are time and high energy consuming processes. Further-
more, the conventional manufacturing through metal sheets does
not allow flexibility or agility: once the chassis is made, changes are
cost prohibitive.

In an area of only 1500 m2, the flexible and agile manufacturing
of the body frame is carried out without the expensive moulds,
stamping and robot assembly usually required by the conventional
method of metal sheet forming, adopted by the OEMs and their
chassis suppliers. Besides, thanks to the approach used to cut the
high strength steel tubes by a robotized laser system for the
welding of the complete chassis, there is no need for complex
templates. The same area covers the production of doors, axle
systems, suspension arms and wheel hubs.

On the contrary, the current automotive manufacturing tech-
nology, shown in Fig. 38 is characterized by:

� Complexity of moulds to stamp metal sheets in a 3D geometry
(Fig. 38 left)

� Complexity of tooling to assemble/weld the moulded compo-
nents (Fig. 38 right)

� Lack of flexibility, e.g., great differences are needed between
chassis configurations with different door numbers

� Large production volumes are necessary for acceptable ROIs.

The microfactory is conceived to manufacture 50 vans/day over
two shifts and 220 days/year. Whether the annual production ca-
pacity of 11 000 units would not be sufficient to meet the demand,
it could be increased by implementing a third daily shift.

The final DEMOBASE vehicle developed with the criteria
explained above is shown in Fig. 39.

5. Conclusion

The activities and key non-confidential results of DEMOBASE EC
H2020 GV7 project are presented with limited details in this pub-
lication. It is reminded to the readers that parent papers have been
made available at earlier stage with much more details on some of
the aspects discussed more straightforward here (see appendix A),
also to access more information on the DEMOBASE research orga-
nization lay-out and recap of main objectives and relating dem-
onstrators). They point out that simulation-based design of the
battery system pack is already a key vector to improve efficiency, by
sharply reducing development time and supporting all phases from
early design to safety related activities. Some Key Performance
Indicators are given in the technical results in terms of vehicle ef-
ficiency, fail operational capability of the battery pack, and proposal
for low investment cost.

The results draw some strong conclusions:

� Cell management can be developed in hidden time, without any
physical part for most of the activities, from active material
characteristics, using cell and battery digital mock-up.

� The battery dismantling strongly depends on its assembly
technology: glue, welding, screw; and its BMS communication
capability for Authorized treatment Facilities (AFT) to organise
battery second life and to safer recycle the battery. The potential
end of life additional cost for recycling of BEV is not counter-
balance today in initial vehicle cost as it is today for combustion
engine car with fuel consumption.

� An unexpected result of sudden increase of battery aging
highlights that higher energy density cannot be balanced by
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decrease of cell robustness, making second-hand market
weaker.

� Battery safety is efficiently supported by simulation and tests at
low scale level; a challenge is still to consider gas dispersion and
its fire risk. Battery safety is improved using advanced devices.

Multi-level modelling and testing from material to
manufacturing is still a challenge for the battery industry. Their
development and implementation enable lower cost and faster
innovation and will be a differentiation item in the industrial
competition; DEMOBASE is a contribution to their achievements.

The authors of this paper deeply hope that the DEMOBASE
project has constituted a valuable step toward scientific-sound
integration of innovation in safe and environmental-friendly
development of EVS. Beyond this goal, they also think that data
provided may serve further related standardization efforts in the
field, as exemplified by BSI PAS 7060 [33] and IEC TC21, SC21A and
TC120 published documents and projects.
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