MNOLL

Experimental study on EN W4 MOLL EFB BATTERIEN

Water consumption 24/7 at different temperatures and charging voltages

Discussion: 24/7 Backup battery & normal mode ?!

Why would we go away from normal mode?

i
W

Remember AUX batteries fail with sulfation and cycling, but not corrosion
and water loss - even in Southern China.

7" The higher float curves are in the “normal” region for T > 50°C

e A

/Do we expect massive corrosion or water loss at T <50°C?
Or why would we reduce voltage there but not in hot?

voltage setpoint

Benny’s Challenge: Try it.

* put 5 batteries into the usual water baths and overcharge 3, 6 or 12 -
weeks at “normal” Z curve voltages (examples see crosses in diagram) 30 20 10 0 10 20 30 40 50 €0 70 80 90

» at least for AGM, do some initial capacity tests first (e.g., RC-RC-C20) temperature / °C

= observe stabilized current, weekly weight loss, power test ever 3 weeks

. goei];;ggltcieérr]r;easure half-cell potentials and gas flow (rate & backup battery 24/7

= tear down after test and search for corrosion O assume permanent 12V supply out HV battery via low-power

e steeper Z curve float charging low-loss dc/dc converter (or normal dc/dc when needed)
temperatures 0-21 days 21-42 days 42-63 days Q 12V battery for backup (comfort and/or safety) only

3°C 149V 15,5V 13,8V Q additional battery discharge tests may be actively performed

27°C 144V 14.6 V 137V for battery monitoring or diagnostic purposes

40°C LY S Ve - low mode may support battery durability

60°C 13,6 V 13,3V 13,5V )

75°C 13,6 V 12,8V 135V -> bOOSt ITIOde equalization IS then mandatory
Roger Zimmermann, Combatec
Eckhard Karden, Consultant 17
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MNOLL

Experimental study on EN W4 MOLL EFB BATTERIEN

Water consumption 24/7 at different temperatures and charging voltages day 0-21

comparison overcharging test comparison overcharging test
at different temperaures and charging voltages (Z-curve) at different temperaures and charging voltages (Z-curve)
030 6.00
e > At3°C14,9Vand at > The water
' 27°C 14.4V the 5.00 consumption at low |
7
020 charging current T . temperature and
goes nearby zero. 2 high charging
. =] .
> The charging current - voltages is very low. | |
= is higher at higher H » Temperature has a
— =
£ charging voltage 8 om much greater |
E ; £ influence on water
s and higher g P )
temperatures. 100 — t+o4gtkh consumption than |
) D CE— charging voltage.
0.00 b4 ) —$ 0,21 g/Ah
- o o7 0.08g/Ah 4z
day day
——14209_5 - Moll 12V 70Ah - overcharging 3°C 14,9V —14209_6 - Moll 12V 70Ah - overcharging 27°C 14,4V —+—14209_5 - Moll 12V 70Ah - overcharging 3°C 14,9V —+—14209_6 - Moll 12V 70Ah - overcharging 27°C 14,4V
———14209_7 - Moll 12V 70Ah - overcharging 40°C 14,0V ——14209_8 - Moll 12V 70Ah - overcharging 60°C 13,6V —#—14209_7 - Moll 12V 70Ah - overcharging 40°C 14,0V —e—14209_8 - Moll 12V 70Ah - overcharging 60°C 13,6V
——14209_9 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C 13,6V —#—14209_9 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C 13,6V
comparison overcharging test - charging | charging current| waterloss per week | acid density |acid density [ acid density | Acid stratification did not
at different temperaures and charging voltages (Z-curve) ?,q Itage |(withoutweek 1)| (withoutweek1) |atstarting point| atthe top |atthe bottom| occurinany measurement
1,340 v] @Al @ [g/An] [ke/1] @ [ke/1] @ [ke/1] series
1,323 kg/l very low charging current; very
1,330 1,323 Kkg/l > No acid stratification 3 14,9 0,003 0,02 1,310 1,322 1,323 low waterconsumption;
) $ 1,321 kg/!| at any charging increasing acid density
o 1,320 very low charging current; very
= 1,322 ke/! voltage and -
a 27 14,4 0,008 0,07 1,310 1,321 1,322 low waterconsumption;
ﬁ 1310 4 g temperature. increasing acid density
g 1300 I\ P > At high low charging current; Vel’V'O\.N
=" - U KESt t t d 40 14,0 0,04 0,08 1,308 1,311 1,312 waterconsumption; stable acid
g $1,310 kg/I €mperatures an density
g 1290 1,295 kg/i low charging low charging current; low
z 1,295 kg/I voltages, the 60 13,6 0,042 0,18 1,307 1,295 1,295 waterconsumption; slightly
@ 1280 electrodes sulfate!!! decreasing acid density
e "normal" charging current;
1.270 EN 60 14,4 0,083 0,32 1,307 1,309 1,310 "normal" waterconsumption;
260 stable acid density
I o 21 42 high charging current; high
day 13,6 0,150 0,60 1,307 1,271 1,272 waterconsumption; strong
decreasing acid density
—+—14209_5 - Moll 12V 70Ah - overcharging 3°C 14,9V —+—14209_6 - Moll 12V 70Ah - overcharging 27°C 14,4V
—+—14209_7 - Moll 12V 70Ah - overcharging 40°C 14,0V —+—14209_8 - Moll 12V 70Ah - overcharging 60°C 13,6V
—+—14209_9 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C 13,6V
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MNOLL

Experimental study on EN W4 MOLL EFB BATTERIEN

Water consumption 24/7 at different temperatures and charging voltages day 21-42

comparison overcharging test comparison overcharging test
at different temperaures and charging voltages (Z-curve) at different temperaures and charging voltages (Z-curve)
030 6,00 |
o
» The spectrum of oo > At 3°C15,5Vthe
025 . :
charging water
020 currents is g o0 consumption
| reduced B increases
g 3,38 g/Ah i
> At75°C12,8V E L i oL > At high
= the charging 5 temperatures and
< ; 4 $ 2,40 g/Ah i
£ current is not £ 200 ] lower charging
5 stable (the test [ 140 gian currents tf_]e water
circuit worked 100 / 1.u1_gﬂ_.______0——-——"-‘b 1,29 g/Ah consumptlon
' p—— decreases
correctly) H_*_*W_a———-'g 0,54 g/an
000 L = 0,43 g/Ah I
. 0,08 g/Ah
63 0 21 ¢ . a2 63
ay
——14209_5 - Moll 12V 70Ah - overcharging 3°C (14,9V) -> 15,5V ——14209_6 - Moll 12V 70Ah - overcharging 27°C (14,4V) -> 14,6V —+—14209_5 - Moll 12V 70Ah - overcharging 3°C (14,9V) > 15,5V  ——14209_6 - Moll 12V 70Ah - overcharging 27°C (14,4V) > 146V
———14209_7 - Moll 12V 70Ah - overcharging 40°C (14,0V) -> 14,1V ——14209_8 - Moll 12V 70Ah - overcharging 60°C (13,6V) - 13,3V —+—14209_7 - Moll 12V 70Ah - overcharging 40°C (14,0V) -> 14,7V ——14209_8 - Moll 12V 70Ah - overcharging 60°C (13,6V) > 13,3V
——14209_9 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C (13,6V) -> 12,8 —+—14209_9 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C (13,6V) > 12,8V]
at different te(:"e"r,aal:'r'sec;na::eclz:ta‘?rigr:ngvtoeltsat es (Z-curve) charging | charging current| waterloss per week | acid density |acid density | acid density Acid stratification did not
1340 P ging 9 temperature | voltage |(withoutweek1)| (withoutweek1) |at starting point| atthe top |atthe bottom| occurin any measurement
: | [°cl vl BIA] @ [g/Ah] [ke/1] 9 [ke/1] @ [ke/l] series
1.330 1,323 kgll 1320 kal (14,9) low charging current; low
$ 1,325kg/l At high 3 15'5 0,018 0,15 1,322 1,329 1,330 |waterconsumption; increasing
= 1'320 3 19kgft b . .
= T.32TRgN ! g temperatures acid density
= 1,310 dl (14,4) very low charging current; very
§' ' 1 1,300 kg/l and lower 27 14’6 0,011 0,07 1,321 1,325 1,327 low waterconsumption;
g 1,300 1205 kgl cha rging ’ increasing acid density
5 ) + o voltages the low charging current; very low
.E‘ 1280 1-2atkal electro dles 40 (121(1)) 0,042 0,08 1,311 1,315 1316 |waterconsumption; stable acid
3 1280 density
% 1,271 kgl sulfate (13,6) low charging current; low
® 1270 L morel!!l 60 13’3 0,024 0,10 1,295 1,291 1,291 waterconsumption; slightly
260 i decreasing acid density
1 -
' 1,258 ka/l EN (14.4) "normal" charging current;
1,250 60 1 4' 4 0,085 0,32 1,309 1,319 1,320 "normal" waterconsumption;
0 21 42 63 ’ increasing acid density
day (13.,6) charging current not stable;
—+—14209_5 - Moll 12V T0Ah - overcharging 3°C (14,8V) > 15,5V  —#—14209_6 - Moll 12V 70Ah - overcharging 27°C (14,4V) > 14,6V 12'8 0,030-0,110 0,30 1,271 1,258 1,258 "normal" waterconsumption;
—+—14200_7 - Moll 12V 70Ah - overcharging 40°C (14,0V) > 14,1V —#—14209_8 - Moll 12V 70Ah - overcharging 60°C (13,6V) = 13,3V ’ strong decreasing acid density
—+—14209_0 - Moll 12V 70Ah - overcharging 60°C 14,4V (EN) 14209_10 - Moll 12V 70Ah - overcharging 75°C (13,6V) > 12,8V
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MNOLL

Experimental study on EN W4 MOLL EFB BATTERIEN

Summary and next steps

» Summary
- Z-curve (no acid stratification in any test series)

Low temperatures: charging current goes nearby zero; water consumption is very low; no sulphation;

- Middle temperatures; low charging current; low water consumption; no sulphation;
- High temperatures: high charging current; high water consumption,

- Steeper Z - curve (no acid stratification in any test series)

Low temperatures: ; no sulphation;

- Middle temperatures; low charging current; low water consumption; no sulphation;
- High temperatures: charging current not stable; normal water consumption, massive sulphation of the electrodes

» Next Steps
- Change the charging voltage after 42 days to float charging values (float MAX)
- What will happen if we charge a discharged battery at these temperatures and charging voltages?

float charging Proposed testing procedure

temperatures 42-63 days a) Discharge C20 at 27°C
3°C 13,8V b) Conditioning the battery to the respective temperature for at
27°C 13,7V least 12 hours
40°C 136V c) Charging the battery at the respective temperature and
60°C 13,5V charging voltage for 24 hours.

d) Conditioning the battery to 27°C for at least 12 hours

75°C 13,5V
e) C20

18.05.2026 ALBA 19 - 20 May, Mainz
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BATTERIEN

Constraints for Z curves - experimental study NeW results agigeq
AOLL

1 £3 ai H n 1 MA
modified “water consumption” test . arremen 0T
! nomal MIN
O 6 identical samples: Moll EFB (EN W4), after EN initials and fully charged 15 float MAX
= 5samples, each in one water bath, overcharged at 3 voltages 3 weeks each ns * me
= . % Moll2242
= 1 sample = control: EN/IEC “water consumption” at 60°C for 9 weeks s Moll 43,63
= 14,4
- . . . 2
QO stabilized (over)charging currents and weight loss per week (semi-log plots) % 110
reproduce expected “Tafel” behavior £ x
water bath | base Z curve | steepZcurve | floatcharge | © 136 X x
. Water-lOSS and |tS reduction at uﬂoatn Voltage tempe:ature (days 1..21) | (days 22..42) | (days 43...63) » S § §
are insignificant at 27 °C and below 3 e By — 13,2
27°C 144V 146V 13.7V
O acid density indicates that SOC cannot be kept 40°c 140V 141V 13.6V 12.8 %
“full” even with U=13.5V at high temperature s’ —— = 1957 S0 20100 0 100200 30 40 50 60 /O B0 90
’ 75°C 13.6V 12.8V 135V temperature / °C
= 2nd kink of Z curve provides trade-off with durability | controte0c | 144v 144V 144V
average overcharging current(2"&3 week of each block) average weekly weight losg2"&3 week of each block) acid density(end of each 3-week block)
1,000 1,000 1.34
/ 1.33 oo
________ * 132 F“”SS/
0,100 /. ® x 0100 / ‘21.31 ©initial SGrange o<
------ (1] water loss
< = g O 1.30 Sweeks
= / = / Zix adinl
—e-3°C << —o-3°C o , 6weeks —o—3°C
0,010 —e-27°C o 0010 _e-27°C ” 128 SG after 9 weeks of -e-27°C
40°C 40°C 127 water o) ahigher 40°C
—e-60°C —-60°C 126 e —-60°C
—8-75°C -o—75°C ’ aspoor as at 13.6V. —e-75°C
0,001 0,001 1.25
12,0 12,5 13,0 13,5 14,0 14,5 15,0 15,5 16,0 12,0 12,5 13,0 13,5 14,0 14,5 15,0 15,5 16,0 12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0
urv urv T
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Recommendations for Z curves - Discussion

Charging voltage setpoints for lead batteries must be adjusted with temperature

= Recommended parameterization (blue curves) in this document represent expert consensus and long (ICE) experience.

“Normal Mode” voltage control is preferred from LAB perspective
= Evidence-based optimum trade-off between undercharge / sulfation and overcharge / gassing / corrosion

= Charging should be invoked in parking BEVs to avoid deep cycles (>wear) and long periods at low SOC (- sulfation):
The dc/dc converter should be activated based on high-load condition and 12V-battery SOC.

* Wide field data demonstrate that undercharge, sulfation, and excessive cycling drive 12V battery failures in HEV & BEV,
but not water consumption and corrosion (not even in hot climate) -

= “Float” voltage 24/7 is insufficient to maintain (or even restore) high SOC and avoid undercharge / sulfation.

OEMs may still require Low Charge Mode for energy management reasons only.
= examples: brake energy recuperation in 12V micro-hybrid, power consumption of 12V resistive loads

= In such cases, make sure that equalization charge is applied regularly, preferably applying Boost Charge Mode !

Roger Zimmermann, combatec p
Eckhard Karden, Consultant f"‘w‘wﬁu%com ba‘ﬁi@{i
November 2025 WIR TESTEN BATTERIEN.
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