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 Driven by energy-conscious consumption, Jordan is continuously migrating towards 

hybrid and electric-hybrid solutions in terms of transportation vehicles. This created an 

abundance of retired batteries which are either stacked in warehouses and/or about to be 
illegally disposed of. This require economically feasible post- automotive solutions to 

avoid this environmentally harmful disposal. This paper presents an engineering-based 

(experimentally verified) economical evaluation of retired NiMH batteries. This process 
passes through two main steps, which starts by determining the state of these batteries 

and analyzing their behavior during the charging and discharging cycles. The work 

extends to show the maximum attainable power and determines the Remaining Useful 
Life of the used batteries by applying non-destructive tests. The retired batteries were 

found to be diverse in their potential, where a non-negligible share (40%) of them can 

still be repurposed in secondary applications.  

 

INTRODUCTION 

 

Despite being surrounded by oil rich countries, Jordan itself is oil deprived. The continuously rising bill of 

imported oil as the main energy source in Jordan for both electricity generation and transportation has adversely 

affected the country’s economical health. This is also propelled by the increase in the country’s population and 

the demand on energy resources. The administration responded in several aspects including legislations that 

encourage exploiting renewable energy resources and ownership of electric vehicles (EV) and Hybrid-electric-

hybrid vehicles (HEV).  Additionally, globally increased environmental awareness, which drove a dramatically 

increase towards clean energy sources, have already resulted in regulations targeting minimizing the CO2 

emissions (Rahman & Hiti, 2017).   

Receiving tax cuts including lowered customs rates has encouraged Jordanians to own hybrid electric 

vehicles especially given the fact that the cost of gasoline has risen significantly in the years between 2009 and 

2014 (Figure 1). Additionally. The figure shows that after prices of gasoline dropped around the world (after 

October 2014), the drop was not seen in Jordan’s market. A Jordanian citizen paid 56% and 66% of what a US 

citizen would pay for a liter of midgrade and premium gasoline respectively; despite having an average income 

of less than 23% in comparison to a US citizen. This created a certainty within Jordanian citizens that Gas prices 

will not go down and the solution was to choose HEVs and EVs. By February 2016, 74110 HEVs and EVs have 

entered Jordan. 

http://www.ajbasweb.com/


129                                                                     Ahmad Almuhtady et al, 2017 

Australian Journal of Basic and Applied Sciences, 11(13) October 2017, Pages: 128-138 

Despite shy interest in fully electric vehicles (EVs) due to the lack of charging stations, the HEVs provided 

favorable solution for two main reasons.  First, they still provide fuel consumption savings through leveraging 

retrieved energy from regenerative braking systems especially for cities of heavy traffic. Secondly, their 

onboard IC engine (despite being small) protects against running out of electricity.  
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Fig. 1: Price of Gasoline per Liter in Jordan (JoPetrol, 2016)(USEnergy, 2016) 

 
Due to moderate purchasing capabilities, Jordanians opted towards importing used (second-hand) HEVs, 

particularly 2-3 years old and 4-5 years old vehicles (See Figure 2). It is well known that the asset’s (such as 

transportation vehicles) loss of value usually has the steepest rate at the first and second year of usage. This 

motivated importing older HEVs where (for example) out of the 14082 and 22415 HEVs and EVs imported in 

2013 and 2014; respectively, more than 58% were 4-5 years old and more than 25% were 2-3 years old. Older 

HEVs and EVs are usually equipped with used (and in many cases) aged batteries which prompts the necessary 

replacement of one or more battery modules within the first 2 years of ownership, as many HEVs and EVs 

OEMs estimate the lifecycle of onboard batteries to be within the range of 5 years or (100,000 miles). Old 

batteries are then stacked and/or disposed of illegally with no consideration to environmental impacts. It should 

be noted from the figure as well, that the public knowledge of the batteries life cycle has increased through the 

years, where at the early years of importing HEVs and EVs (2010 and 2011), 15-20% of the vehicles were 5 or 

more years old. The percentage dropped quickly in the following years. 

Despite the enormous benefits of HEVs and EVs, the technology still devotes little attention to the impact 

of the used batteries in these vehicles. In addition, the lack of regulations and strategies to recycle or to dispose 

of the used batteries, led to the existence of a very few outstanding companies tackling these issues. This 

becomes more challenging due to the high cost of the recycling (Yu, Chen, Huang, Wang, & Wang, 2014). 

Briefly, strategic plans for introducing cheap recycling technologies and repurposing applications must be 

provided to limit their negative impacts and to cope with the significant increase of the disposed batteries 

(Foster, Isely, Standridge, & Hasan, 2014). These policies cannot be generalized for all countries as they must 

rely on the state of the retired batteries. That is, the retired batteries due to reaching a degradation state is 

affected by so many country-related factors such as weather conditions (ambient temperature), automotive 

utilization and care (usage and maintenance), and traffic intensity. The degradation point at which the batteries 

are considered inadequate for automotive applications itself is interpreted differently amongst different 

countries. Therefore, acquiring information through testing about these batteries is an unavoidable step to 

formulate correct policies.     
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Fig. 2: Percentages of Imported HEVs and EVs according to their Ages for Different Years (DVLD, 2016) 

 

There are several types of batteries used in HEVs and EVs. The most common two types are the Nickel 

Metal Hydrate (NiMH) batteries and the Lithium-ion (Li-ion) batteries. The former one are found on most 

Toyota brands including Prius (the world’s most sold hybrid vehicle), Camry and Lexus. The latter one is found 

on some of Ford’s brands such as Fusion in addition to Hyundai ones. Statistics from the Jordanian Drivers and 

Vehicles License Department (DVLD) show that more than 21000 Prius Vehicles and 14300 Camry Vehicles 

have been imported between the years of 2010 and 2016. These represent 47.6% of all HEVs and EVs imported 

during that period. Therefore, after surveying local  maintenance shops, it has been found that most of the 

disposed batteries belong to the Ni-MH type which was the reason to select this type in our study. Table 1 

summarizes the manufacturer’s specifications for Ni-MH Hybrid battery. 

 
Table 1: Typical NI-MH BATTERY CHARACTERISTICS (Kularatna, 2011) 

Parameter Typical Value 

Nominal Voltage 1.2 V 

Open circuit voltage 1.25 – 1.35 V 

Typical end voltage 1.0 V 

 

So to summarize the problem at hand, an abundance of retired batteries (especially NiMH type) have been 

finding their way to the warehouses and temporary storages of local automotive maintenance shops. This is 

increased because of the tendency to import used vehicles. With the lack of feasible proper disposal options, 

these batteries are treated as other garbage and can find their way to landfills where they severely impact 

environmental aspects such as adding dangerous elements poisoning the soil and the water resources. 

 

Proposed Solution: 

A. Hypothesis of the Proposed Solution: 

The retired batteries currently have zero value, therefore any proposed solution if not backed up by any sort 

of  governmental funding or governmental regulations will not be successful. Therefore, the authors hypothesize 

that the solution must hinges on identifying a value of these batteries which can feasibly prompt the proper 

disposal of these retired batteries.      

The value will be in the form of identifying the percentages of retired batteries which can be reused in non-

automotive applications. That is, all of these retired batteries have been tested prior to their retirement and found 

unfit for automotive applications. Some of these batteries can still have usefulness in them for the following 

reasons. First, surveying local automotive shops in Jordan, we found that the testing procedure for determining 

the fitness of a battery module to stay within its automotive application varies significantly in complexity, 

instruments used, the scientific knowledge of the maintenance operator and the testing parameters themselves. 

Therefore it can be easily deducted that many batteries deemed unfit have simply undergone wrong testing. 

Secondly, the United States Advanced Battery Consortium (USABC)  defines the End-of-life is clarified to 

occur when either the net Dynamic Stress Test (DST) delivered capacity or peak power capability at 80% Depth 

of Discharge (DOD) is less than 80% of rated. Therefore, if the testing is applied under these specifications, a 

retired battery from the automotive application can be easily used in non-automotive secondary applications. 

Finally, the batteries in HEVs and EVs come in packs of modules consisting of several cells. For example, the 
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battery pack of the second generation Toyota Prius consists of 28 Panasonic prismatic nickel metal hydride 

modules—each containing six 1.2 volt cells—connected in series to produce a nominal voltage of 201.6 volts. 

The total number of cells is 168, compared with 228 cells packaged in 38 modules in the first generation Prius.  

It was found from surveying local shops that in many cases the cells are not tested individually and poor 

performance ones could result in early retirement for ones coupled with them.    

 

B. Experimental Verification of Proposed Solution: 

In order to verify a remaining usefulness of the retired batteries, a testing scheme was designed to 

determining the state of randomly selected retired batteries from different storages and analyzing their behavior 

during the charging and discharging cycles. Additional tests were used to identify the maximum attainable 

power and determine the Remaining Useful Life of the used batteries.   

For the charging and the discharging purposes, Imax B6 charger/discharger was used as an appropriate 

device to fulfill these tasks. It is worth to mention that the applied test in this work can be classified as non-

destructive test. In case of used batteries, the destructive test is not useful or helpful due to the divergence of test 

results which are mainly dependent on the batteries age, usage and operation conditions unlike new batteries 

which share the same test conditions. After all, twelve Ni-MH batteries have been used to perform the test in 

order to investigate their performance and their sustainability in various applications. 

The performance of the used Ni-MH batteries can be determined by considering several parameters. One of 

the important parameters is the state of health (SOH), which provides a degree of the performance degradation 

and it can be used to estimate the battery remaining life (Tudoroiu et al., 2016).  

max. .  (used battery)
%  100%

max. .  (  battery)
            (1)

A h
SOH

A h new
   

The state of health is defined as the ratio of the maximum charge capacity of old battery relative to the 

maximum charge capacity of new battery. In this paper, the SOH parameter will be replaced by the relative 

energy capacity (REC), which contributes in a precise estimation about the state of health of the used batteries. 

The next parameter to be investigated is the state of charge (SOC) which is affected by the battery operating 

conditions, the load current, and the temperature. Therefore, it is crucial to estimate this parameter for the used 

batteries due its role in determining the healthy and the safe operation of the qualified batteries. The SOC is 

defined as the remaining capacity of the used battery relative to the rated capacity.   

Remaining capacity 

Rated capacity 
                                  (2)SOC   

The SOC of the battery ranges from 0% for an empty battery to 100% for a fully charged battery.  

Indeed, it is also necessary to estimate the life cycle of the used batteries in order to estimate the number of 

cycles that the used battery can sustain before it fails in achieving the demanded performance (Zhu, Zhu, & 

Tatarchuk, 2014). Hence, a degradation test must be performed on the investigated batteries to find their life 

cycles as will be presented in the next section. The final investigated parameter is the relative energy capacity 

and it has been used to determine the state of the battery and the remaining useful life and it is defined as 

follows: 

Used Battery Energy
%

New Battery Energy 
                 (3)100% REC  

To summarize, the proposed approach will consider the REC, SOC, and the performance degradation in the 

first place and based on the evaluation results, the twelve batteries will be classified and proposed for several 

applications to prove their applicability.  

In terms of test settings, the carried out test involves three cycles of charging and discharging, such that 

each iteration aims at showing the new RUL. The testing scheme for the batteries which comprises of several 

charging and discharging cycles under controlled conditions is then benchmarked through testing new batteries. 

The degradation of the retired batteries can then be determined.  An Arduino was programmed to save data 

every second by gathering the feedbacks data from the voltage, current, and temperature sensors as depicted in 

Fig. 3. The temperature sensor serves as warning sensor against excessive heating during charging and 

discharging (which may result in an explosion) in addition to identifying faulty retired batteries. Also, it was 

utilized to verify that the thermally wasted electric energy input during Imax B6 controlled charging cycles is 

indeed negligible. At any given time, the batteries temperature during controlled charging cycles did not exceed 

the ambient temperature (temperature of the testing room) by more than 1-1.5 °C. The rate of energy loss 

through convection and radiation; respectively; is given by (Bergman & Incropera, 2011): 

4 4
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where h is convective surface conductance in (W/K.m
2
), A is the surface area of the battery cell in (m

2
) and 

is equal to 0.07575 m
2
), Tsurface is the surface temperature of the battery in (K), T∞ is the ambient temperature in 

(K), ε is the emissivity coefficient of the object, and σ is the Stefan-Boltzmann Constant and is equal to 5.6703 

10
-8

 (W/m
2
K

4
). Given that, we can conclude that under steady charging cycles the rate of energy loss through 

thermal energy is very small and does not exceed 1% of the total input electric power.  It is important to note 

that uncontrolled charging and discharging may result in much higher losses.    

 
 

Fig. 3: Preliminary Testing Circuit of the Used Battery 

 

The charging and discharging boundaries of Ni-MH hybrid batteries have been acquired from several 

references and are summarized in Table 2. The IMAX B6 is supplied by a DC Power supply in a range from 11 

V up to 18 V (SkyRC, 2009), which delivers the DC current to the tested battery. The applied voltage to the 

battery will always be slightly higher than the battery voltage at any given moment to ensure the charging 

voltage levels, where the maximum voltage that can be applied to the battery ranges from 1.4 V to 1.6 V per 

cell. 

 
Table 2: TYPICAL NI-MH BATTERY CHARACTERISTICS (Kularatna, 2011)(Zhu, Zhu, Davis, & Tatarchuk, 2013) 

Parameter Typical Value 

Charge time 1.5 – 3 hours 

Charge current 0.1 – 1 A 

Charge efficiency 70 – 90 % 

Charge voltage 1.4 – 1.6 V 

Temperature range 5 … 40°C (max) 

 

In the studied case, the Ni-MH module consists of six cells, therefore the voltage of a battery module will 

range between 8.4 V and 9.6 V. Hence, the maximum voltage that the battery can incur is 9.6 V charged with a 

current of 3.25-6.5 A.  

This means, if the applied voltage was above 9.6 V, this can cause a non-recoverable battery damage which 

can be as severe as a battery explosion or in other cases a release of dangerous chemicals and gases. To ensure 

safe charging of the batteries, the batteries have been charged at 9 V, which complies with the rated voltage by 

IMAX B6 manufacturer. The test was set to enforce a stop when the battery voltage reaches the rated value in 

order to avoid the overcharging. Furthermore, the charging process must be immediately stopped if the module 

temperature reaches 40 ̊ C or increases in the rate of one Celsius per a minute (Kularatna, 2011). Consequently, 

The Arduino has been programmed to stop the test automatically when one of these two hazards occurs.  

The charging time of Ni-MH batteries is dependent on the capacity of the battery as well as the internal 

resistance. In other words, the duration of charging the battery varies between different retired batteries due to 

their different SOH and REC. 

IMAX B6 and heavily resistive load have been used separately to discharge the battery. The discharge 

process starts when the battery is fully charged at 0.56 A which represent the rated current. In the discharge 

phase, two conditions have been set to validate the test. Firstly, the test must be accomplished with high depth of 

the discharge to ensure harsh discharging conditions. Secondly, the minimum discharge voltage level was set to 

5V in the IMAX B6 according to manufacturer specifications (SkyRC, 2009). 
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Results: 

Charging and Discharging Tests General Results: 

In this part, the results of testing twelve randomly-selected retired Ni-MH hybrid batteries are shown in 

Table 3, where they are benchmarked against a new battery performance detailed in the first row. It is 

undeniably true both capacity and energy of the retired batteries during the charging and discharging were lower 

than the new battery values as the retired ones has undergone some aging through the charging and discharging 

cycles during their automotive application utilization. Nonetheless,  some of the retired batteries where capable 

of receiving a charge (and delivering it back during discharging that mounts to 25-29% of the new battery’s 

nominal charge as in Batteries 2 and 5.  

 
Table 3: CAPACITY & ENERGY OF ALL BATTERIES 

Batt. No. 
Charg. capacity 

[A.h] 

Discharg. capacity 

[A.h] 

Charg. Energy 

[W.h] 

Discharg. Energy 

[W.h] 
REC% 

New Batt 6 5 51.6 37 100 

Batt. 1 1 1 8 6.7 18 

Batt. 2 1.4 1.37 11.5 9.6 25.9 

Batt. 3 0.5 0.5 3.7 3.3 8.8 

Batt. 4 1 0.8 8.1 5.2 14 

Batt. 5 1.75 2.1 14.5 11.4 30.9 

Batt. 6 0.5 0.5 4 3.3 8.8 

Batt. 7 0.95 1.7 7.9 9.5 25.7 

Batt. 8 0.52 0.48 4 3.1 8.5 

Batt. 9 0.84 0.9 6.6 5.9 16 

Batt. 10 0.62 0.5 4.8 3.3 8.9 

Batt. 11 0.6 0.66 4.6 4.5 12 

Batt. 12 0.47 0.56 3.8 4 10.7 

 

The next step is to analyze the tested batteries in terms of their energy relative to the energy of the new 

battery in order to show their competence. Figure 4 shows the number of batteries in each range of the relative 

energy capacity. Based on the REC, capacity and the useful energy of the tested batteries, and according to the 

results of Table 3, the batteries were divided in three categories. Further, Battery 5 and Battery 7 have been 

swollen during the charging cycle test which means these batteries have been reached degraded states. The main 

reason behind swelling returns to the irregular electro-chemical process that leads to an expanding in size of the 

electrodes and separator in the retired battery.  It has been noticed that the swelling led to accelerated 

degradation, due to the mechanical instability and the variation of the characteristics of the electrodes. Therefore 

these two batteries have been excluded from the categorization.  

Category A, which includes the battery with the higher value of REC.  Category B, which includes the 

batteries with the medium range of REC, energy and Capacity. Category C, which includes the batteries low 

discharging-energy and capacity. Table 4 summarizes the categorized groups and their ranges. 

 

 
Fig. 4: Relative Energy Capacity Histogram 

 

Figures 5 and 6 show the charging and discharging voltages over time; respectively; of batteries from 

different categories. It can be clearly seen that Category A is the closest behavior to the new battery’s one. That 

is, a successful categorization can be attained by looking at the charging and discharging voltages behavior. 

That is The charging and discharging times can be used where Category A was the closest to the new batteries, 

Category B showed a moderate charging and discharging time, and Category C represented the batteries with 

very low REC and charging and discharging time due to the small stored energies in contrast to the rest of 

categories. 
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Table 4: Categorization of batteries according to their Capacity & Energy 

 Batt. No. REC% 

Category A Batt. 2 25.9 

Category B 

Batt. 1 18 

Batt. 9 16 

Batt. 4 14 

Batt. 11 12 

Category C 

Batt. 12 10.7 

Batt. 10 8.9 

Batt. 6 8.8 

Batt. 3 8.8 

Batt. 8 8.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Charging voltages of different categories 

 

 

 

Fig. 6: Discharging voltages of different categories 

 

Degradation and Remaining Useful Life Test: 

In terms of aging, a performance degradation test was conducted on 25% REC battery to ensure the 

capability and reliability of batteries in this category to economically sustain a secondary application. That is, 

even if the retired batteries are capable of storing and delivering sufficient charge and energy within a secondary 

application (as in Category A batteries), they would not be deemed economically feasible unless they can 

sustain sufficient number of charging and discharging cycles to cover for the installation and replacement costs. 

It was found that within the first sixty cycles of charging/discharging, the battery will not lose more than 25% of 

its deliverable energy (See Figure 7).  
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Fig. 7: Degradation of Battery 2 (Category A Batteries) through Accelerated Simulated Aging 

 

The degradation curve displays irregularities as the output energy of some cycles were suddenly increased 

or decreased due to the slightly different charging and discharging levels for different cycles. Nonetheless, the 

linear fitting of the data was used to overcome these unbalances. While exponential fitting is normally used for 

determining the RUL,  in this case the battery is in linear region as it is a retired battery working in the end of 

life region. Therefore, the remaining life of the retired battery in cycles have been estimated assuming linear 

degradation to be up to 184 cycles with approximately 10% maximum error. Assuming the usefulness of the 

battery stops when the battery’s deliverable energy drops below 50% of its original capability when installed in 

the secondary application, THE remaining useful life (RUL) of Battery 2 can then be calculated as 93 cycles. 

Accordingly, the test results showed that Category A of the retired batteries can be used once a day in a 

secondary application for around 3 months which proves the economical feasibility of these batteries assuming 

low installation costs.  

 

SOC and Load Effect Test: 

This part aims at investigating the SOC of the tested batteries and the loading effect. Fig. 6 shows the SOC 

of the different batteries categories and the expected time for a full discharge in contrast the SOC of the new 

battery. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 8: State of charge of the different categories 
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Since the SOC and therefore the deliverable energy varies with the load currents, a higher load is expected 

to yield in a decrease of the discharging time. This effect has been tested by applying different numbers of DC 

lamps to analyze the loading impact on the behavior. The used lamp in the test has a nominal DC voltage of 12 

V, a rated power of 21 W with max input current of 10 A. Table 5 displays the average deliverable energy of 

three cycles and the discharging time for the different batteries categories for the different loads (number of 

lights).  

 
Table 5: Discharge time & Energy of all categories 

 1 DC light 3 DC lights 

 Energy [W.h] 
Time 

[Min] 
Energy [W.h] 

Time 

[Min] 

New Batt 39.6 250.7 28.3 61.1 

Category A 9.4 62.8 7.2 16.4 

Category B 6.4 45.7 5 12.2 

Category C 3.9 28.1 1.7 4 

 

It has been noticed that the time of discharging using 3 DC lamps is one fourth the discharging time using 1 

DC lamp. Furthermore, the discharging time using 1 DC lamp is one third the time when using IMAX B6 as the 

latter limits the discharging current to 0.5 A. Additionally, the remaining energy was decreasing when the 

discharging rate is increasing due to the increases in conduction losses in the connection wires and the thermal 

energy from the DC lamps. Hence, these test results illustrate the importance of correctly matching secondary 

applications to retired batteries according to their classification considering the different applications 

requirements. 

 

Utilizing Retired NiMH Batteries in Secondary Applications: 

Throughout this paper, it has been demonstrated that batteries used in HEVs and EVs have a  lifecycle that 

is not limited to its period in automotive application. While they are considered useless in automotive when they 

serve a certain number of cycles or degrade to a certain point, their serviceability in other applications as 

second-hand batteries with a newly extended life period. Retired batteries can be used instead of new batteries in 

general non-automotive applications. Upon secondary application, batteries can be connected in two different 

ways; Parallel and Series. That would increase the useful energy that attained from them. 

Solar panels capture the energy from the sun, which can be used directly as an electricity source. It can also 

be used to charge and store energy in the retired batteries, where this energy can be used after the sun sets down. 

Also, this technique effectiveness can be increased by application in areas with a high number of hours of sun 

shine per day. Average commercial solar panel in Jordan (as being in the sun-belt countries) produces 1050 

W.h/day (Hrayshat, 2007). 

Many real applications can benefit from the stored energy in the retired batteries. One application (which 

have been investigated in this work) is the household-size Uninterruptible Power Supply (UPS). A two-floor 

house carries a UPS that can feed power to the critical equipment in the house in case of power outage. The 

proposed loads were DC lights and a refrigerator. In case of DC light load, the needed number of retired 

batteries has been estimated considering the consumed power of one Compact Fluorescent Lamp (CFL) which is 

15 W. In order to turn on five CFLs for three hours, the required energy is 225 Wh. This value will be divided 

by the average Discharged Energy of the tested batteries. Hence, the number of batteries of each category was 

acquired and summarized in Table 6.  Energy consumption of a modern refrigerator is 28 KWh per month, 

assuming 30 days per month and 24 hours of operating per day. Therefore, the required power by the 

refrigerator for three hours of operation is 116.7 W.h and therefore the required number of second hand batteries 

can be estimated which have been summarized in Table 7. 

From Tables 6 and 7, it can be seen that economical feasibility can be attained for household-size UPS 

system when using Category A and Category B of the retired batteries. As the number of battery installed 

increase beyond feasibility for Category C considering many factors such as installation costs, maintenance of 

large number of batteries, control issues, space availability, heat dissipation, and finally risk of dangerous 

failure. 

One final note, since these batteries were selected randomly from several local automotive maintenance 

shops, they can represent a good sample and thus the conclusion that 8% of the total retired batteries (Category 

A) provide strong candidates to be reused in secondary applications. Moreover about 40% (Categories A and B) 

provide adequate candidates for some of the secondary applications. A master plan governmentally supported 

for repurposing these retired batteries can now be propelled with such economical feasibility.      
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Table 6: Required number of batteries for ligting 

 
Discharge Energy 

[W.h] 

Required Energy 

[W.h] 

No. of required 

batteries 

Economically 

Feasible? 

New Battery 37 225 7 - 

Category A 9.57 225 24 Yes 

Category B 5.56 225 41 Marginal 

Category C 3.388 225 67 No 

 

Table 7: Required number of batteries for supplying the refrigerator 

 Discharge Energy 
[W.h] 

Required Energy 
[W.h] 

No. of required 
batteries 

Economically 
Feasible? 

New Battery 37 116.7 4 - 

Category A 9.57 116.7 12 Yes 

Category B 5.56 116.7 21 Yes 

Category C 3.388 116.7 35 Marginal 

 

Conclusion: 

This study illustrates the problem of stacking retired (post-automotive application) batteries in Jordan and 

dwells on its causes. Then it proposes an engineering-based experimentally-verified economically-feasible 

solution. Focusing on the most common type; (NIMH) batteries; the paper evaluates the current state of these 

retired batteries and categorizes them in 3 groups by testing a randomly selected sample estimating the batteries 

remaining useful life, performance, and applicability in different areas. The different combination possibilities 

of the investigated batteries to meet the load requirements showed the capability of these batteries to sustain and 

to provide the needed charge and energy for different load scenarios. The degradation analysis showed that 

batteries of Category ‘A’ (with 25% REC) can sustain up to 93 cycles of operation before their deliverable 

energy drops below 50%. This means that if the battery being charged by any energy source can then be used 

once a day and it would serve for approximately three months. Secondary applications have been investigated, 

where the required  number of retired batteries needed for the application has been studied. Category A and 

Category B retired batteries were deemed economically feasible. In conclusion, it is evident that this study has 

shown that the lifecycle of batteries is not limited to their service period in automotive application, but it can 

extend to serve in secondary applications. 
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