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mvensi oesu bl RMASEEEREES ol [VIeastire the State of Charge (SoC) and Equivalent Series Resistance (ESR) of used,
G0N discarded, alkaline and zinc-carbon batteries for screening, reuse, and possible
recharging with a homemade open-source Arduino-based instrument
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Abstract

Imagine a world without batteries. Everything from modern cars to old -

quartz watches would stop working. Methods for generating direct current

(DC) for use in portable devices include batteries (primary), rechargeable

' batteries (secondary), and, more recently, supercapacitors, which can also be
used for energy storage [1].

In the 1800s, Count Alessandro Giuseppe Antonio Anastasio Volta, an
Italian scientist, invented the '"voltaic pile," which consisted of alternating

~ discs of silver and zinc separated by a piece of cardboard soaked in saltwater

2]
Although secondary batteries are available on the market at low cost and
| easy to recharge, the most widely used batteries are disposable, i.e., non-

rechargeable, or more precisely, primary batteries.

In 2024, global production of alkaline batteries reached 15 billion units. AA -

and AAA batteries accounted for 93% of all sales. The average household in
' developed countries uses around 50 alkaline batteries per year to power
. portable devices [3]. In 2023, 244,000 tons of portable batteries were sold in
the EU. However, only 117,000 tons of used portable batteries were collected
- for recycling that same year [4].

. This study tested 65 end-of-life batteries (alkaline and some ZnC types)

- collected from supermarkets and electronics shops to determine their State of

: Charge (SoC) and Equivalent Series Resistance (ESR).

The new device, an evolution of the previous one [5], is based on an Arduino

. Uno R3: It measures the SoC and ESR by subjecting the battery to resistive
loads ot 220, 100 and 70 ohms [6] (see Fig. 1)
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Fig.1, schematic diagram of the instrument. From left to right: two 5V and 9V
power supplies, an Arduino UNO R3 with a purple jumper to reduce AREF
(analog reference), relays RL3 and RL4 to connect the battery to the Arduino,
and relays RLL1 and RL2 to connect the two load resistors. The digital signal to

- drive the relays is shown in orange. The device under test (DUT) is connected to

ground and to the Arduino’s analog pin A0. The connections are duplicated to

_ reduce contact resistance. The common ground reduces electrical interference.
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Introduction

Society and the planet are urging us more and more to adhere to the three Rs, especially -

" when it comes to low-cost items produced in large quantities. Even a small percentage reused

and recycled would result in enormous economies of scale. Given the sheer volume of primary
batteries on the market, we need a tool to measure their remaining charge and, if possible,
establish a recharging method. The Arduino platform has all the necessary features. It
acquires data, drives relays, and powers sensors. Some of our previous projects have used
Arduino to build electrochemical instruments.

Zinc-manganese dioxide alkaline batteries are the most commonly used primary batteries |
for portable devices. When an alkaline battery discharges, the production of electrons begins
with the reduction of Zinc, which is oxidized by the OH™ ion present in the KOH electrolyte,
above of Fig.2.

After traveling through the external circuit, the electron reduces MnQ: according to the
formula show in Fig.2, below. |

When less than 40% of the Mn has reacted, the intermediate compound, HxMnQO-, has the
same structure (ramsdellite) as MnQO:.. As discharge continues, a new compound, MnOOH
(groutellite and after groutite), appears. This different crystal structure is more stable and

. difficult to convert back into ramsdellite, so a battery that has undergone deep discharge

. exhibits irreversible chemical reactions.

2 MnO, + 2H,0 + 2¢~ — 2MnO(OH) +20H™

|
Fig.2; the anodic reaction of zinc is above. The cathodic reaction of
' manganese is below. An alkaline solution:is required.

- -_

Using representative availability sampling, also known as convenience sampling, 65 lused batteries were

collected, excluding those that were visibly damaged. This amounts to approximately 10 batteries per
location.The instrument shown in the external file was built following the 3R principle (i.e., reuse, recycle, and .
recovery) using parts that were already available in the laboratory. Only the Arduino and the relay were

purchased.

The software (sketch), which is also available in the external data file (EDF), was written from scratch with |
comments on every, line of code. It was designed also for educational use in an electrochemistry laboratory. No
external libraries were used, and Arduino IDE 1.8.19 was used. The output is shown in Fig.3 and must be

It is possible to estimate the state of

A clumsy attempt to recharge an alkaline battery can cause an imbalance within the cell,

- resulting in gas build-up, potential explosions, and KOH leakage [7]. The best course of .

action for alkaline batteries is to reuse them after measuring residual capacity. We are

- | currently investigating the feasibility of recharging them,

Measure State of Charge
charge (SoC) of an alkaline battery - specifically, the AA/LLR06 type - using a three-step

. procedure that refers-to IEC 60086-1 and IEC 60086-6 and after consults the manufacturers’ technical data sheets [7].
| According to a previous study, [5] a high-impedance voltmeter must be used (Arduino > 100 M), the first stage involves

measuring the voltage every second for 10 times. The second stage uses a relay (RL4) to connect the battery to a 100 € resistive load

measured at the end of the purple curve

and takes measurements every second for 10 times. The third stage includes a 15-second rest period to allow the battery to recover,
then, the voltage is measured again in 10 one-second intervals under no-load conditions. Fig.4 shows the three curves. The voltage

, 10 seconds under the load, is used to estimate the SoC show in Fig.6.

copied into a .txt file. The EDF also contains an Excel file that converts Fig.3 into tables and graphs (Fig.4) and | 167 720
| contai_ns all_ the results as o.[_)_en-s_ourco/open_-data. All_ ba_.tte_ries were disposed at tho municipa_‘lhrecyclil_lg_. : | Alkaline | Zinc.C |All battery G how many battery . 14 E
Y ; only (%) | only (%) (%) AR 63 121 1
Measure internal resistance (ESR) SoC, V >= 0.9 20.4 85.7 81.3 brand 18 . ; 1 14
~ alkaline 46 1.0 1 42—
There are two methods for measuring internal resistance: DCIR (direct current internal resistance), which is soC,V>=1.2 | 60.9 42.9 I8 7nC 14 £ I e e e a—— s S S S U E
: : \ : e : : ESR == 10ohm | &7.0 35.7 73.8 : Co. o087 10 &
recommended for used batteries, and ACIR (alternating current internal resistance), which is used for batteries ESR <= 50hm 57 4 = =T NiCd . £ :M z
. " " . Ay ] 18 w
intended for sale or research. For a DCIR measurement, follow the old IEC 61960 standard (where C represents how many 46 14 65 L'_"::‘_"'H g : | :
nnum i i T
capacity in mAh; measurements are taken at 0.1C for 10 seconds and then at 1C for 2 seconds). However, this 04 1 1,
standard is not applicable to our batteries for two reasons: 1) the capacity in mAh is not indicated on alkaline = Fig. 6, the RESULTS, % of battery with more then By SRi = T 021
- = . . o . . 0 . Flg' 5’ the 65 battery lelded AA Panasonic industrial alkaline N 01-31 17
batteries (usually 1900-2800 mAh for AA alkaline and 600-950 mAh for Zn-C), and 2) it is impossible to 0.9V and 1.2V for SoC and % of battery with B0 1 bronidand e | o™ L
_ discharge a used battery, which may produce only a few tens of mA, at 200 mA for 10 seconds and then at 2000  internal resistance <5 £ and <10 © : E o I C P ’ 2 ‘ ety L ’ 10
mA for 1 Second. | . . —+—no load, before —¢—connect R =101.30 no load, after —e— 220,100,70 ohm
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Fig.11 This is a correlation plot between SoC and

. Therefore, different times and currents are used, even when consulting the literature, which contains various . AT
accurate or simplified methods for calculating DCIR [8]. Various datasheets provide typical ESR values for AA M | swi Flg 4 SoC and E.8.R. calculation curve. The blue curve
- alkaline batteries: new/charged, 0.15 to 0.3 (; used/partially discharged, 1 to 3 Q; and discharged/exhausted, | > | [ ¢9 - o show gliidee with go-lodth b okdaclay dhe yioletovith:100
over 10 O -~ |Ri T . ohm load, 15s of delay, the green with no-load. The last
e 5 HEnE A = point of violet curve was used to calculate SoC. On the
% NIRRT When measuring a battery, we can only connect to the output terminals, not the | R - right are the 3 values in  that estimate the battery’s ESR.
T — — - generator (V0 in Fig.7). However, with a trick, we can estimate the generator voltage. |vo - | | ' | -
| Using a high-impedance voltmeter ranging from 100 MQ to 1 G() virtually eliminates the _ State of Charge _ ESR (ohm)
o e Mo e e, a2s ) : : Alkaline | Zinc-C |All battery Alkaline | Zinc-C | All battery
? Conyright Creative Comons Puplic - current in Ri, allowing us to measure the generator’s V0. min 0.00 | 0.39 0.00 0.5 | 49 0.5
# Runn_img \.-'er'_?icnglwll“’:1 ; Qgéaz.g 0815124 < FY 3 % % & 3 X S s T A : TR max 1.5'9 1.-‘1-5 1.85 999.[] 31E-B EEE-D
MU e, 1205 -~ The typical measurement circuit shown in Fig.7 is useless because when measuring * Fig. 7, the 2 wires, wrong method, avg 109 | 1.08 1.10 558 | 400 | 54.2
" 53 }’3{% ffsh »» . values as low as 0.1 (), the resistance of the wires leading to R1 and the voltmeter corrupts V0 is the voltage produced by the f T medere LA L L B2 L
i,fiiizif::: oim e i ¢ 5 the measurement. We modified the Arduino-based device [5] to perform four-wire  electrochemical reaction; Riis the  Fige8, the 4 wires method, there are 2 circuits, .= - 0302 | 023 | 027 | 023 22 | 107 ] 72
# Delay between SoC measures (s) 1 . ]
iEmpmmine e o measurements and rewrote the software to extract various voltage values after - internal resistance, V+/- is the volt, One connect volt meter to battery (using a i
e " appropriate time delays (see Fig.3). The voltmeter is connected directly to the battery ~ meter. With swl open we.measure 1 double circuit to reduce resistance), one other . Fig. 9, the statistics fot the 65 batteries show that the
o ey, o o terminals via switches SW3 and SW4 using the so-called "4-wire measurement system," = the battery V, with swl closed we == connect R or R2 to battery, measure Volt and . distribution contains many outliers. Therefore, we must
e 6 Volts: 14115 | : : : : i : Gt measure Vv on re31stor' calculate current on R1, and Ri, with Ohm law = use non-parametric statistics, such as the median and
¢ detach battery as shown in Fig.8. Resistors R1 and R2, which have twice resistance value, are connected - s . e LA
R } ) : ; = : 0 R R - N1 % obtain Ri. the 1nterquart11e range, Wthh are shown in yellow.
R ~ to the same terminals via switches SW1 and SW2. Closing both switches yields a third - . "% e TS v - e - i | _ _ _
o - e - resistance value. | . Results
o Ry e . The 4-wire measurement method is unaffected by the resistance of the conductors = : honsh 65 batton PR S s th d =
- 2 : ! = 18] ou atteries are insufficient for a statistical analysis, they are adequate
b comet watery, o 1o between the battery and the resistors, the contact resistance of the switches, or other : O N o s 2 0 o ¢ Th It SN thy i ; : : (tl d
D S . 5 16 ~ for testin e new instrument. The results are similar to those of a previous study:
# bytes: 70 Volts: 14115 parasitic resistances on the load. Once VO, VR1, and VR2 are measured, Ohm's law is ; . \ S ol B0 e e bation qian 12 V und I: d d y
¢ delay (92 : 3 . . approximate o of the batteries measured above 1. under load, and over
s - used to calculate Ri. More on EDF. : - 2pp y . ) ,
| ' f - =3 67% had an ESR of less than 5 ohms. The batteries are reusable!
i ect battery, no load . : 12 - 16 T _E E ] o o o o o -
sy P _ e S 4] | Numerous outliers skew the standard mean and standard deviation statistics, so
| # bytes: 869 Volts: 1.4899 i el | 14 1 E"' ] * - B . . . 3 2 : 1 g B & L
- I At 10 1 ERRE . the non-parametric statistics are highlighted in yellow in Fig. 9. Fig. 10 is interesting
:E;ii:?esss Volts: 1.3920 : 3 12 + 0 1 M . . o o ;
Eun N . ] . o N, * 1 because it compares histograms of alkaline and Zn-C batteries. It shows why Zn-C
# end of ESR measure ! ] 103 ] * . . . . ]
: iy e z ' ; a3 ¢ Tl e e | batteries (green in fig.11) are now a niche market for low-power devices, although
# delay ... 14s i} a 1 E * * 1
sk s crarc e o fotoig o : =Y % B e some of them are reusable.
# Measure Battery with no load # 1 : == ' + + ° ° °
s digic volr oot i T . * : “ e s, " Fig. 11 shows a correlation that confirms, as Fig. 10 does, that both the SoC and
0 9 9
SR e T Y 0 0.5 1 1.5 2 . the ESR are necessary to describe the battery’s state. The purple circle highlights a .
$6 0 1aus | s 27 1 SoC with R=101.3 (V) <13 - E . '
7w L “ © lithium AA battery that, according to the state of charge (SoC), has a voltage of 1.8
$0 s Lans | Sl o HEBNESEEEN B 8 4000000 0 |

| -V, reusable, but an ESR of 17 (), making it unusable.

T potear i o e ESR value (ohm _ : :
Pnl gt Vel L) W (s o -~ ESR for the 65 batteries. Some outliers are excluded - - . . .
s . | 2 - . from the Y-axis scale. The equation shows a negative - Conclusions
' 5 ZnC only ; | ZnC only _exponential trend. The purple circle is-discussed in ' a ! ;
P1 s e nh RE | | 1 ; Bearing in mind that norms and manufacturers define an alkaline battery as
I S P - the Results section. ; : : -
ey g, 7 Lo e ERL N e ' discharged when it drops to 0.9V [7], let us make some observations about the -
....................................... R 3 2 - - 1 ; : B . v '
e e ! | . 157 EDF results. Then there is a cluster with SoC voltage between 1.1 and 1.6V probably
#1 868 1.4083 [ = - ;
; = " reusable, confirmed by ESR cluster from 2 to 5 ().
#5 868 1.4083 (] 10 1 2 - - i o siile o :
PR e = ] The external file contains further descriptions An attempt to recharge those battery can be support by this instrument measuring
;1 of the instrument and the 4-wire measurement, - every battery before and after recharge, in next paper.
L o Z - an Excel file with ALL the measures and other .= [n the light of these data, a word of advice to users is in order: buy a passive
T Out G o HE B B HEE B | 00102 03 04 05 05 07 08 05 10 11 12 13 14 15156 17 128 15 .graphs, as well as the sketch as Open-Data.  battery tester, such as the (BT-168, the IBT-Tester4 or the BAT-393) which will
Tl . PR T R value fohmy T V after 10s with 101.3 ohm - The link is: https://tinyurl.com/yr8cx94h ' cost you a few euros but will allow you to recycle 40% of the batteries you would
- the software on the — B — . . . e T R L e PN NI, e M S I : ;
Arduino IDE serial - = Fig. 10, on the left, the ESR; on the X-axis (£2), we see a cluster of values between 2 and 5 Q for | OthorWlse throw SIANS for example in g wall clock or a mouse.
. monitor - alkaline batteries and a wider spread for Zn-C batteries; on the right, for the SoC on the X-axis (V), ' ' rmi - T

~ we see a cluster between 1.1 and 1.6 V for alkaline batteries and values between 0.9 and 1.4V for Zn- -
' C batteries, Taken together, this indicates that a large number of alkaline batteries are reusable. As
. - example a battery with 1.4V and 3 Q of ESR can be used in a remote control for months.
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