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Batteries Refurbishing & Reuse 

  

Introduction 

 

Motivation 
The electro mobility is enthralling the population. A practical survey has shown that testing an electric 

vehicle is increasing the interest and willingness of the people to invest into electro mobility. [1] The main 

obstacles for this technology are the range and the costs – especially for the battery. Whereas the range 

more a problem of the peoples mindset is rather than a technological problem. People in most European 

countries only drive 30-40 km per day [2], which is easily possible with an electric vehicle. The costs on 

the other hand are a technological problem. Figure 1 shows the costs in the battery production process. It 

can be seen that the cell production is the most critical step. Taking this graph into mind then two ways of 

cost reduction emerge. One is working on the cell production costs and the other one is the extension of 

the whole life cycle, for example giving the cells a second life. 

 

Figure 1: Battery costs over added value 

The electro mobility can also help to solve future ecological and social problems like increasing oil prices 

and air pollution due to the urbanization trend. However this report will set its focus on the extension of 

the life cycle, using a 2nd-non-automotive-life. With currently no experience with battery cells after their 

1st-automotive-life, new aging methods need to be developed. 

 

Terminology of automotive Li-ion batteries 
First we need to clarify the terminology of an automotive Li-Ion battery. Figure 2 shows the parts of a Li-

ion battery. The battery system is composed of mechatronic parts and the battery pack. The pack consists 

of one or more battery modules, which are a series of one or more battery cells.  
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Figure 2: Terminology of a Li-ion battery 

To lengthen the life cycle by adding a second life it is likely that the battery has a need of a 

remanufacturing process. This could be due to the different requirements for a 2nd-life application 

compared to a 1st-life application (automotive) or maintenance needs of the batteries at their end of first 

life.  Figure 3 explains the different remanufacturing strategies that could be used to prepare an 

automotive Li-Ion battery for a 2nd-life non-automotive application. The employment of the strategies 

depend on the state of health (SOH) of the cells. The strategy “ReUse” is for battery packs without any cell 

failure. If a cell failure occurs the strategy “RePair” is used and only the battery module(s) without any cell 

failure are used for a 2nd-life application. If every battery module has a cell failure the strategy “ReMan” 

can be used to save the remaining still functional cells. 

 

Figure 3: The three different remanufacturing strategies 
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While choosing the right strategy it is important not only to look at the current state of health but also at 

the prospect/prediction over the next few years. In order to be able to do so, knowledge in the cell aging 

behavior is needed. 

 

Principles of cell aging 
The Li-ion batteries aging process is very complex and complicated to understand. The capacity 

degradation and power fading comes from various processes and their interactions (see Table 1).  

Table 1: Overview cell aging effects 

Cause Effect Leads to Enhanced by 

Electrolyte decomposition Loss of lithium 
Impedance rise 

Capacity fade 
Power fade 

High temperatures 
High SOC (low potential) 

Solvent co-intercalation, gas 
evolution and subsequent 
cracking formation in particles 

Loss active material 
Loss of lithium 

Capacity fade Overcharge 

Decrease of accessible surface 
area due to continuous SEI 
growth 

Impedance rise Power fade High temperatures 
High SOC (low potential) 

Changes in porosity due to 
volume changes, SEI formation 
and growth 

Impedance rise 
Over potentials 

Power fade High cycling rate 
High SOC (low potential) 

Contact loss of active material 
particles due to volume changes 
during cycling 

Loss of active 
material 

Capacity fade High cycling rate 
High DOD 

Decomposition of binder Loss of lithium 
Loss of mechanical 
stability 

Capacity fade High SOC (low potential) 
High temperatures 

 

Unfortunately these processes cannot be studied independently and occur at similar timescales. It is also 

not said that the same results of aging can be replicated with a different cell chemistry, making the 

investigation of an ageing mechanism even more complicated. [3] Furthermore the aging within a batch of 

cells diverges as well and the cell with the highest capacity at the beginning does not have to have the 

highest capacity at the end of the aging process as shown in Figure 4. [4] 

 

Figure 4: Cell diversion over cycles [4] 
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Generally the cell aging can be differentiated into two methods. The calendric aging and the cyclic aging. 

During the calendric aging the cell is held on a certain State of Charge (SOC). During the cyclic aging the 

cells are cycled with a certain Depth of Discharge (DoD). Both methods are combined with an elevated 

temperature to increase the speed of aging. 

Which method to use depends on the application that is to be simulated and the available equipment. The 

aging should be similar to the real life aging, being ideally a rapid aging process of the original. 

To evaluate the aging process it is possible to use destructive and non-destructive methods. In this project 

we are focusing on the non-destructive possibilities. In this case there are two major methods to 

determine the state of health of Li-ion cells – the capacity and power test. 

The capacity test (Table 2) is used to determine the capacity at different C-rates. The power test (Table 3) 

is used to determine the internal resistance of the battery cell at different states of charge. For the further 

reference and comparisons the 1C capacity and the 50% SOC discharge internal resistance Ri are used. 

Table 2: Capacity Test Plan 

Step Command Parameter Exit condition Comment 

1 Set-Temp T = 25°C  Condition monitoring is done at 
room temperature 

2 Pause  t > 180 min Acclimatization of the cell 

3 Charge I = 1 CA 
U = 4.2 V 

t > 90 min 
U > 4.21 V 
I<0.05CA&t>1s 

CC/CV charge to 100% SOC 

4 Pause  t > 5 min  

5 Discharge I = 0.2 CA t > 350 min 
U < 3.0 V 

Capacity at C/5 

6 Pause  t > 30 min  

7 Charge I = 1 CA 
U = 4.2 V 

t > 90 min 
U > 4.21 V 
I<0.05CA&t>1s 

CC/CV charge to 100% SOC 

8 Pause  t > 5 min  

9 Discharge I = 1 CA t > 350 min 
U < 3.0 V 

Capacity at C 

10 Pause  t > 30 min  

11 Charge I = 1 CA 
U = 4.2 V 

t > 90 min 
U > 4.21 V 
I<0.05CA&t>1s 

CC/CV charge to 100% SOC 

12 Pause  t > 5 min  

13 Discharge I = 2 CA t > 350 min 
U < 3.0 V 

Capacity at 2C 
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Table 3: Power Test Plan 

Step Command Parameter Exit condition Comment 

1 Set-Temp T = 25°C  Condition monitoring is done at 
room temperature 

2 Pause  t > 180 min Acclimatization of the cell 

3 Charge I = 1 CA 
U = 4.2 V 

t > 90 min 
U > 4.21 V 
I<0.05CA&t>1s 

CC/CV charge to 100% SOC 

4 Pause  t > 5 min  

5 Discharge I = 1 CA t > 350 min 
U < 3.0 V 

Capacity at 1C 

6 Pause  t > 30 min  

7 Calculate C_15 = -int([Step 5];I)*0,15  C_15 = -15% of the capacity in 
[Ah] 

8 Calculate C_20 = -int([Step 5];I)*0,2  C_20 = -20% of the capacity in 
[Ah] 

9 Charge I = 1 CA 
U = 4.2 V 

t > 90 min 
U > 4.21 V 
I<0.05CA&t>1s 

CC/CV charge to 100% SOC 

10 Pause  t > 5 min  

11 Discharge I = 1 CA t > 20 min 
Ah-Step < C_20 
U < 3.0 V 

Set SOC = 80% 

12 Pause  t > 60 min  

13 Cycle-start   Pulse Tests @80%, 65%, 50%, 
35%, 20% SOC 

14   Discharge I = 2 CA 
U = 4.2 V 

t > 30 s  

15   Pause  t > 40 s  

16   Charge I = 2 CA 
U = 4.2 V 

t > 30 s  

17   Pause  t > 40 s  

18   Charge I = 1 CA t > 20 min 
Ah-Step > C_15 
U > 4.2 V 

Set SOC = 65% … 20% 

19   Discharge I = 1 CA t > 20 min 
Ah-Step < C_15 
U < 3.0 V 

Set SOC = 65% … 20% 

20   Pause  t > 60 min  

21 Cycle-end Count = 4  Run cycle 4x 

22 Discharge I = 2 CA 
U = 4.2 V 

t > 30 s Pulse Test @20% SOC 

23 Pause  t > 40 s  

24 Charge I = 2 CA 
U = 4.2 V 

t > 30 s Pulse Test @20% SOC 

25 Pause  t > 40 s  
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The impedance measurement would be another non-destructive test method, but is not used in this 

project. Commonly used destructive tests contain the dismantling of the cells to analyze the anode, 

cathode and electrolyte to determine the state of health of a battery cell. 

The end of first life is generally determined by the State of Health of the battery. The industry has come to 

an agreement, that a battery with less than 80% of their initial capacity has reached their end of 

automotive life. It is also likely, depending on the strategy of the specific OEM, that this end of automotive 

life is reached as soon as a failure has occurred independent of SOH. 

With a capacity of 80% SOH left the battery is still functional, but the driving pleasure is not given 

compared to a new battery with 100% SOH. This can be used to lengthen the life cycle by using the battery 

in a 2nd-life application with a different set of requirements.  

 

Literature Research 

 

Possible 2nd-life applications 
In the following are the results of an extensive literature research regarding possible 2nd-life applications 

for automotive Li-ion batteries.  

The possible applications can be categorized in three major categories, depending on the needed energy. 

Those categories are: 

- Energy related / industrial applications (up to 50 MWh) 

- Commercial applications (25 kWh to 4 MWh) 

- Residence related application (3 – 4 kWh) 

According to an Daimler internal study there are 109 ideas for 2nd-life applications for automotive battery 

cells. After a rough evaluation nine promising applications emerged as seen in Table 4.  

Table 4: 2nd-life applications for automotive Li-ion batteries 

Storage application Examples 

1 Grid stabilization (high voltage) Load shifting, control reserve, peak sharing 

2 Uninterruptible power supply (UPS) Backup power for hospitals, IT centers, cell towers, 
elevators 

3 Batteries for industrial trucks / 
recreational vehicles 

Forklifts, towing tractors, cleaning machines 

4 Storage for renewable energies  
(PV, wind) 

Temporary storage for PV plants and wind turbines 
(load shifting) 

5 Batteries for electric cars xEVs with lower standards 

6 Large power packs (stationary) Electricity supply, e.g. stationary pumps, measuring 
instruments 

7 Onboard power for vehicles Buses, ships, heavy-duty vehicles 

8 Electric drives for agricultural vehicles Tractors, farming machines 

9 Small power packs (mobile) Power supply for outdoor equipment, caravans, etc. 
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In a following step, those nine applications where prioritized regarding their competitiveness  

(performance and cost advantages), market size and remanufacturing costs, making the first four 

applications the most promising once for a further in-depth analysis. 

 

Grid stabilization 

In order to have a stable electric grid the power generation and consumption must be equal. In this 

equilibrium the normal frequency is at 50 Hz. In case of more energy generation the frequency increases 

and in case of more energy consumption, the frequency decreases. The fluctuations in the grid, caused by 

unpredictable regenerative energy sources like wind or solar power, need to be balanced. [5] This can be 

done by reducing the power generation of the power plants or using energy storage devices. The 

advantage of storing the energy is the cost reduction by preventing shut-downs and power-ups of power 

plants. 

Up till now pumped hydro storage power plants are the state of the art used for grid stabilization. In times 

of excess energy water is pumped from a lower container to a higher one. In times of energy shortage the 

water flows from top to bottom propelling a turbine for energy generation. The result of the analysis is, 

that using Li-ion batteries as the storage medium would be 10% more cost efficient than the current 

version with a pumped hydro power plant. [6] Another advantage of using Li-ion batteries is the 

localization. Pumped hydro storage power plants need a high downhill gradient which, in Germany, is in 

the south whereas huge wind power plants are in the north. Another solution would be a massive grid 

expansion which is very cost intensive. 

This application could also be very feasible due to the low refurbishment costs as the profile/requirements 

are considered as very similar to that of their 1st life. 

Based on pump-storage-power plan a storage capacity of 200 MWh are needed. Taken into consideration 

a normal 2nd-life cell would have 3,6 V and 40 Ah = 144 Wh. Therefore wanting to build a plant with li-ion 

cells and saying that 100 cells are in one battery, then there are ~13.900 batteries needed (=200 MWh / 

144 Wh). This would require a huge market for electric vehicles. 

 

Uninterruptible power source (UPS) 

For some electric devices (e.g. datacenter) a 100% availability is important. Therefore those devices are 

equipped with an UPS ensuring the availability throughout power blackouts, over- or undervoltage. 

Because of the different requirements three classes of UPS systems have been defined by the International 

Engineering Consortium (IEC) and the European Union: [7] 

- Offline UPS: protections against grid failures, voltage fluctuations and peak loads. No protection 

against over- and undervoltage. The switching time between grid and battery provision is between 

4-10 ms.  

Main application: Computers 

- Line interactive UPS: protection against grid failure and peak loads, control voltage fluctuations 

with filters. The switching time is between 2-4 ms.  

Main application: Network 

- Online UPS: generates own grid voltage to enable uninterrupted energy consumption through 

switching times. The battery is simultaneously charged.  

Main applications: medical devices, server, data communication 
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The aim of the UPS is not to fully replace the power grid but to ensure a safe shut down of the systems, 

saving important data or ensuring a save transition to another more permanent power source like a 

generator. For this application batteries are used as an energy source. Throughout all classes the capacity 

of these batteries determine the length of the power support. Therefore it is important that the batteries 

are monitored all the time. 

The market situation is constantly improving. The expected revenue for the European USP market will go 

up to 2.000 Mio Euro till 2017 from about 1.500 Mio Euro in 2012. [8] Compared with the application 

grid stabilization the automotive market does not need to be that massive. Only ~4 batteries are needed to 

bring one 2nd-life UPS system to the market (assumption UPS system of 52.5 kWh and a 144 Wh 2nd-life 

battery cell). 

 

Batteries for industrial trucks / recreational vehicles 

Another 2nd-life application for automotive Li-ion batteries are industrial trucks and recreational vehicles 

(e.g. forklift trucks, golf carts, utility cars). Those have lower requirements than electric passenger vehicles 

and can be defined as a 2nd-life non-automotive application. 

Forklift trucks for example use a 48 V battery, consisting of 24 cells in series with a total capacity of ~500 

Ah, being a 24 kWh battery. Compared to a 2nd-life automotive battery cell with 144 Wh and a nominal 

voltage of 3,6 V it can be predicted that using those cells will lead to high refurbishment costs as the 

batteries need to be reassembled into new modules with the needed properties. This is a disadvantage and 

reduces the re-use value of the batteries. On the other hand there are a few advantages that speak for this 

2nd-life application. One is the higher energy of the Li-ion batteries compared to the currently used lead-

acid batteries. Another is the short charge time of about 30 minutes for one shift, making the battery 

change obsolete. [9] The market itself speaks also for a 2nd-life use as the world market volume has 

slightly increases over the years, having a world volume of about one Million units in 2013 with 315.500 

units in Europe. [10] 

 

Energy storage for renewable energy sources 

The energy generation of wind power or photovoltaic is highly dependent on the location, weather 

conditions, daytime and season. Due to these obstacles, renewable energy sources are not capable of 

generating constant amounts of energy. Therefore they need to be backed up by gas power plants as the 

demand for energy (consumption) is not necessarily on par with the energy generation as seen in Figure 5. 

This can be avoided by storing the generated energy. [11] 

In the European Union the energy mix has been and will be developed towards the increasing use of 

renewable energy sources, as seen in Figure 6. Especially the wind power and photovoltaic markets have 

seen a huge development in the last years (Figure 7). Li-ion batteries can be used to overcome the known 

obstacles and enter the increasing market of energy storage for renewable energy sources. 

A battery for photovoltaic energy storage can store up to 13,8 kWh. [12] To build this battery with the 

known 144 Wh 2nd-life battery cells, 96 cells or one 2nd-life automotive battery would be needed. 
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Figure 5: Difference in renewable energy generation and consumption (e.g. wind power) [13] 

 

Figure 6: Development of the energy mix in the EU [14] 

 

Figure 7: Electricity generation from "new" RES-E technologies (excluding hydro) in the EU-27 in 
TWh [15] 
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Alternative storage technologies 
 

There are a number of alternative storage devices / possibilities. In Table 5 the storage technologies are 

listed by their state of development.  

Table 5: Energy storage technologies [16] 

Storage technology State of development 

1 Pumped-storage-hydro-power-station, Lead-Acid-Battery Sophisticated 

2 Compressed-Air-Reservoir (1.Generation), Na-S batteries, 
NiCd-batteries 

Commercial 

3 Compressed-Air-Reservoir (2. Generation), NiMH-batteries, 
Li-ion batteries 

Demonstration 

4 Li-Ion battery, Fe-Cr-battery Pilot 

5 Zinc-air battery, advanced Li-ion batteries Laboratory 

6 Nano-Supercapacitor, other batter technology Idea 

 

Pumped-hydro-power-station 

This is the most advanced energy storage technology, fulfilling an important buffer function for the 

electricity grid. Pumped storage hydro power plants use excess energy to pump water from a lower water 

reservoir to a higher one. When energy is needed the shut-off  flap is open and the natural water flow is 

operating a turbine generating energy. Therefore pumped storage hydro power stations are capable to 

balance the grid during peak loads, bottlenecks and surplus production. [17] 

Pumped storage hydro power stations have a short access time, enabling the provision of balancing 

power. An advantage is the “cold-start-ability”, needing no energy to start the energy generation. 

This is useful during black-outs to jump-start other power stations. Other advantages are the high life 

time of 50 years, the high efficiency of 76-85% and the very high storage capacity. [16]  

The main disadvantage is the need for an applicable location, as acres and acres in alpine landscapes are 

needed to build the two water reservoirs with a certain height distance. Another disadvantage is the fact 

that these power stations use more energy pumping water from the lower reservoir to the higher than 

generating the other way around. 

 

Compressed air reservoir power stations (CAES) 

This technology uses access energy to compress air which can be expanded during peak loads to operate a 

turbine generating energy. Like the pumped hydro storage power station the compressed air reservoir 

power stations become more important with the increasing use of renewable energy sources as an 

addition during phases where the energy consumption is higher than the generation. 

Most of these power plants are located underground, leaving little space requirements. Other advantages 

are the low costs and the high flexible choice of location. Near Off-shore wind parks a CAES could reduce 

the need for an electricity grid expansion. 

The main disadvantage is the low efficiency of 50% as the generated heat is not used yet. This can be 

increased to 70% with the development of adiabatic power stations. [18] 
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Lead-acid batteries 

This technology is the most sophisticated battery technology for energy storage. The main fields of 

operation are in the automotive and telecommunication industry. The Lead-acid battery has, like the Li-

ion battery, no memory effect and a relatively low self-discharge rate (2-30% per month). The advantages 

are the easy and cost-effective manufacturing, the possible high charge current and the low maintenance 

(refill of electrolyte). Another advantage is the short access time. 

The main disadvantage is the inapplicability for fast charge. The normal charge lasts 8 to 16 hours. Other 

disadvantages are the incapability of deep discharges, the high dependence on the operating temperature 

(increase of 8°C can half the life time) and the weight. Also the power density is very low compared to a 

Li-ion battery (35 Wh/kg vs. 95-190 Wh/kg). [19] 

Despite these disadvantages the lead acid is commonly used. Due to the increasing wind and photovoltaic 

energy market the lead acid battery is developed to increase the life cycles and life time. Also the access 

time will be lower opening more application possibilities for this technology. 

 

Na-S batteries 

This type of battery is currently only used for special applications. Efforts are made to look if it can change 

due to the development of e-mobility and renewable energies. The electrolyte is sodium based aluminum 

oxide, the anode is melted sodium and the cathode is liquid sulfur. To prevent the solidification an 

operating temperature of 270°C to 350°C is needed. Furthermore a mechanical protection is needed to 

prevent reactions between sodium and water. 

The materials are very common and cost effective. Other advantages are the low weight, the very low self-

discharge rate and the high cycle life. Currently Na-S batteries are used in Japan in huge heated clusters 

to store the peak loads from renewable energies. [20] 

 

Li-ion batteries 

An alternative to used Li-ion batteries are new Li-ion batteries produced at a later time and probably 

having at better production costs. The main application for Li-ion batteries still lays in the consumer 

market with laptop and mobile phone batteries. Due to the increasing efforts to bring this technology into 

the e-Mobility market the costs and cycle life are constantly improving. 

The electrolyte must be non-aqueous (<10 ppm) to prevent a reaction between water and lithium. This 

leads to a lower conductivity compared to aqueous systems. The advantages of this technology are the 

high energy and power density (95-190 Wh/kg), the low internal resistance, the high capacity, the low 

maintenance costs, not suffering a memory loss and the high voltage (3,6 V). 

Besides these advantages the disadvantages are the high manufacturing costs, the short life time, the 

sensitivity towards over charge/discharge and the need for a sophisticated battery management system 

when cells are being connected. The main obstacles are the high manufacturing costs, the difficult assured 

feedstock supplies and the missing standardization of this battery technology. Nevertheless due to the 

advantages and the high potential the development will increase over the next years. In comparison to 

other battery technologies the Li-ion battery is the most promising, because of the high energy and power 

density. [21] [22] [23] 
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Evaluation 
The promising applications grid stabilization and industrial trucks are not considered any further after 

the first evaluation. Currently the e-Mobility market is too small to be able to meet a possible demand for 

stabilizing the grid and the high refurbishment costs for industrial trucks are making this application not 

feasible.  

Currently Lead-acid batteries are used for the UPS application. Li-ion batteries can compete with a higher 

efficiency and cycle life, although the costs are higher. The market size is constantly increasing and 

according to the market researcher Frost & Sullivan, the European market for UPS in computing centers 

alone will increase from 0.73 billion in 2010 to 1.33 billion Euro in 2017. [24] 

The storage of wind or solar power is mostly done by pumped-hydro-power stations. Those are not 

applicable everywhere as a high gradient is needed for the two water reservoirs to work properly. 

Germany for example is limited due to the lack of adequate locations and its densely built-up area. With 

the increasing nominal capacity of wind power (Figure 8) and the trend with the ever-expanding 

construction of off-shore wind power stations, the demand for a location independent energy storage will 

increase. This demand could be met by used Li-ion batteries. 

 

Figure 8: Installed nominal capacity of wind power stations in Germany [MW] [25] 

The result of the evaluation is the testing of automotive Li-ion cells with the conditions of an UPS and an 

storage device for renewable energy sources. 

 

 

 



 

13   

   

Aging of automotive Li-ion cells 

 

Test equipment 
For the aging of automotive Li-ion cells, two different locations are available with two test units each (see 

Figure 9) . The difference lies in the aging method. Location A is suitable for cyclic aging whereas 

calendric aging is more applicable in location B. Another important information is that location A could 

be upgraded to hold another test unit. 

The test units in location A consist of a temperature chamber for a maximum of four automotive Li-ion 

cells and a comparable test stand due to the capability of connecting channels in parallel. The given 

permanent test channel for each cell makes it applicable to use cyclic aging. 

Location B on the other hand has only one test channel available for two temperature chambers. The 

advantage of the test units B1 and B2 are the much bigger temperature chambers, which can store up to 10 

automotive Li-ion cells at once, preferring a calendric aging. On the other side the single test channel 

prevents any cyclic aging.  

 

Figure 9: Overview usable test equipment 

 

1st-life aging 
In order to start the testing for the 2nd-life aging, new cells need to be aged according to their automotive 

first life. Due to the lack of pre-aged automotive Li-ion cells an aging process has to be developed. A 

simulation of an automotive aging would assumingly take a long time. Considering this and the available 

equipment for aging, two cells were cyclic aged using test unit A1 and 20 cells were calendric aged using 

test unit B1 and B2 (Table 6). This method ensures a relevant number for further testing and ensures  a 

certain variety of preaged conditions, which would represent the market considering different driving 

profiles. 

 

Location

Test unit A1 A2 B1 B2

Availability 02/2013 11/2013

     Test channel 4 8

     Voltage 5V 6V

     Current 120A 50A

     Connection

     in parallel
yes yes

Specification

A B

1

0-80V

+340A / -600A

-

03/2013
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Table 6: Overview 1st-life aging 

1st-life Group 1 Group 2 Group 3 Group 4 Group 5 

Test Unit B1 B1 B2 B2 A1 

# of cells 5 5 5 5 2 

Temperature 45°C 45°C 60°C 60°C 45°C 

Aging Calendric 
@60% SOC 

Calendric 
@90% SOC 

Calendric 
@60% SOC 

Calendric 
@90% SOC 

Cyclic, 1C charge/discharge 
(no pause) 

 

2nd-life aging 
For the 2nd-life aging another test unit (A2) could be implemented. This gave the chance to use more cyclic 

aging. As described above the two 2nd-life applications UPS and renewable energies were chosen for 

further testing. Unlike for the 1st-life, the 2nd-life aging is supposed to be as similar to the real application. 

For this reason the UPS will be simulated through calendric aging at high SOC states, as an UPS must be 

fully loaded to provide the energy during a spontaneous power loss. Location B is perfectly equipped for 

this task, using two different temperatures to simulate the effect of a cooling system. 

The development of an aging cycle for the energy storage of renewable energy sources was more complex. 

The decision if wind or solar power is to be simulated was made by the provision of solar power data like 

energy production, energy consumption and battery charge / discharge rates of an actual private home 

use by E3DC. [12] Over a month of data collection were used to develop a PV-Profile (Figure 10), 

assuming a 48V-system and a minimum current of 1A. The result was a daily PV-profile (o) with a 

maximum charge current of 32 A and a minimum discharge current of -13 A over a time of 23,5 h. To 

accelerate the aging without altering the PV-profile in its form and energy in-/output the current was 

doubled and the time halved. During the 2nd-life testing both profiles were used to check if the “enhanced” 

version (e) is aging the cells in a different way than the original version (o) of the PV-Profile. 

 

Figure 10: PV-Profile 
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In order to test the different 2nd-life conditions the same pre aging should be used. For the 2nd-life aging 4 

different types were used. For the UPS Therefore the cells of the 1st-life aging from the test unit B1 and B2 

were used for the 2nd-life aging. As the test units from location A have a maximum cell capacity of 4, one 

cell from each 1st-life aging group will be used as an backup for possible failures. This results in the 

following 2nd-life configurations as seen in Table 7. 

Table 7: Overview 2nd-life aging 

 

 

Results 

 

1st-life aging 
 

Group 1-4 

In each group 5 cells were aged calendric for over 150 days. The two main parameters temperature and 

SOC were chosen to speed up the aging process. For each parameter an extreme and a more moderate 

value was chosen to simulate different driver profiles and to activate different aging mechanisms. In the 

given time only the group with both extremes reached the end-of-1st life criteria of 80% SOH left. This 

goal was reached after 40% of the time available (Figure 11).  

Although not all have reached the end-of-1st life the cells are useable for the 2nd-life aging. Depending on 

the strategy of automotive companies it is possible for automotive cells or batteries above 90% SOH to 

leave the 1st-life market due to a spontaneous single cell failure and no concept for the usage of repaired 

batteries in customer automobiles.  
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Figure 11: 1st-life aging - Capacity - Group 1-4 

 

Group 5  

In Group 5, two cells were cyclic aged over 1100 hours (>550 cycles). During that time it was shown 

(Figure 12), that the capacity degradation was very low even though the aging was at elevated 

temperatures and no pause for recreation was given. One cell (Cell 1) showed an unexpected behavior of 

an increasing capacity at first. The same cell also showed a significant and also unexpected drop in the 

internal resistance values (Figure 13). 

 

Figure 12: 1st-life aging - Capacity - Group 5 
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Figure 13: 1st-life aging - interal Resistance - Group 5 

An explanation for this unexpected behavior can be seen in the temperatures values of Cell 2 shown in 

Figure 14 compared to Figure 15 with the temperature values of Cell 1, behaving as expected. During the 

capacity peaks the temperature was about six degrees higher than it should have been. The higher 

temperature could have led to accelerated electro chemical processes within the electrolyte, explaining the 

increased capacity. In general it can be assumed that in a real 1st-life aging this effect would not occur. 

Another explanation could be Cell 2 being a substandard cell. Nevertheless those cells will not go into the 

2nd-life aging as explained above. 

 

Figure 14: 1st-life aging - Temperature - Cell 2 
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Figure 15: 1st-life aging - Temperature - Cell 1 

 

2nd-life aging 
 

UPS 

The 2nd-life aging simulating an UPS application is showing a wide spread of the capacity degradation as 

seen in Figure 16. The width of the gap between the cells is greater than 20% and no trend can be seen 

regarding the differences in their 1st-life aging.  

 

Figure 16: 2nd-life aging - re. capacity loss for the UPS application 
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Solar Power 

In Figure 17 the relative capacity loss of the eight cells - according to Table 7– is seen.  

 

Figure 17: 2nd-life aging - rel. capacity loss for the PV application 

The use of the PV-cycle (o/e) leads to a moderate and relative consistent degradation of the cell capacity. 

There is no huge gap between these two cycles,  leading to the assumption that the impact of the change in 

peak current around 1C is having a lower influence in the capacity degradation compared to the total Ah 

changes (staying the same) seen by the cells.  

An exception to this observation show the cells from the 1st-life aging Group 2. Those cells are recovering 

from the previous capacity loss similar to observations made in the 1st-life aging of Group 5 (see Figure 

12). Although in this case the temperature seems not to be the reason for this effect, as the temperature 

behavior during the capacity determination is within the range of the other cells that are not recovering 

from the capacity loss as seen in Figure 18 (compared to Figure 14). An explanation could lie in the aging 

process of electrolyte. During the 1st-life aging using calendric aging at different SOCs the electrolyte could 

have disintegrated and deposited, blocking the transfer of Li-ions, leading to a capacity loss. During the 

cycling in the 2nd-life aging this deposition could have broken up supporting the flow of Li-ions, leading to 

an increasing capacity. 



 

20   

   

 

Figure 18: 2nd-life aging - Temperature profile for the PV application 

 

Conclusion 

 

In this project the 2nd-life aging of automotive Li-ion cells have been analyzed. Using differently pre-aged 

cells for the 2nd-life aging, simulating an Uninterruptable Power Source (calendric aging) and a battery for 

photovoltaic energy (cyclic aging), have not shown an obvious influence of the aging behavior so far. 

Excluding the 1st-life aging Group 2 for showing an increase in capacity during the 2nd-life aging, only the 

PV-application shows a slight trend regarding the stressfulness of the 1st-life aging. As seen in Table 8 this 

trend has only a width of 1,8% which could also be seen as not having an influence at all. The UPS 

simulation on the other hand shows clearly that there is no trend regarding the influence of the 1st-life 

aging. It is not utterly out of the question that there might be an influence further in the aging process, 

when the cells reach a certain, yet undefined state of health. 

Table 8: 2nd-life aging - avg. capacity loss by Groups 

1st-life aging Group Avg. C-loss (PV) Avg. C-loss (UPS) 

Group 1 3,3% 16,1% 

Group 2 -0,4% 11,8% 

Group 2 3,8% 6,7% 

Group 3 5,1% 10,1% 

Avg. over all cells 3,0% 11,2% 
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Due to the high 2nd-life aging capacity loss of the UPS application it is most likely, that this application is 

not suitable for automotive Li-ion cells. On the other hand is the average capacity loss of the PV-

application moderate and should be looked into more specific. The testing should continue to see if there 

is a change in the moderate capacity loss at a specific state of health of the cells. For a more application 

specific testing a supplier for energy storage devices for photovoltaic power plants should be included into 

the tests. This could guarantee a more real PV cycle than the currently used one derived from public data. 

The capacity increase from Group 2 is very interesting from a scientific point of view. Those cells should 

be used to analyze the cell components like anode, cathode and electrolyte to support or disprove the 

theory of the disintegrating and depositing electrolyte. 

In general it can be said, that using automotive Li-ion batteries for storing photovoltaic energy is a 

promising application. The first test results from this project should be statistically confirmed in a second 

series of tests. 
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