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Summary 

The charging efficiencies of the positive and negative plates of the 
lead-acid traction cell can be determined by monitoring plate potential. This 
provides a precise and convenient method of assessing battery state-of- 
charge, battery health, and gas evolution levels. The charging efficiency of 
each plate is improved by electrolyte agitation, leading to a concomitant 
decrease in evolved gas. 

Introduction 

The on-charge gas evolution, and associated charging efficiency, of 
lead-acid cells has received relatively scant attention in the literature [ 1 -41, 
and studies have not kept pace with technological advances in gas analysis 
instrumentation. 

Knowledge of the charge efficiency (or charge acceptance) of lead-acid 
cells is of vital importance in determining the true state-of-charge and con- 
dition of the traction battery, and in the control of explosive gas mixtures. 
The development of a battery condition and battery health monitoring 
system is the subject of intensive research worldwide for various battery 
systems. 

The charge efficiency, X, is the amount of charge stored relative to the 
amount being put into the battery by the battery charging system. This 
can be defined for both the positive and negative plates of the lead-acid cell 
in terms of the current going into gas evolution, Ig, and the current being 
delivered by the battery charger, I: 

I - Ig 
_y= - 

I 
(1) 

As lead-acid cells approach full charge, the charge efficiency progres- 
sively falls [2 - 41, making estimation of the total amount of charge stored 
uncertain. Knowledge of the charge efficiency during real-time operation 
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would minimise overcharge, facilitate the estimation of the true state-of- 
charge, and allow automatic detection of battery problems and the initiation 
of corrective responses. 

It has so far proved difficult to determine charge efficiency accurately 
on a real-time basis during uninterrupted operation of lead-acid batteries. 
Charge efficiency estimates are not usually made and the state-of-charge 
assessment of the traction battery relies on the relatively crude arrange- 
ment of measuring the electrolyte specific gravity from the top of a few 
selected cells in a large battery. Changes in performance of individual cells 
are very difficult to detect. 

Thus, a simple method for determining charge efficiencies during 
real-time operation would be extremely advantageous. This would enable 
predictions of battery state-of-health, state-of-charge, condition, and gas 
evolution levels to be made. 

This work examines the feasibility of monitoring cell and plate poten- 
tials in order to estimate the charging efficiency using a standard Tafel 
expression to describe the gas evolution current 

Ig = a exp(bE) (2) 

at either or both electrodes. The empirical constants are conveniently 
measured or updated, without discharging the battery or cell, by measuring 
the plate potentials as a function of current when the cell is fully charged. 

Using the charge efficiency, the true state-of-charge, 3, of either battery 
or electrodes can be determined using 

S(t) = 
C’ - C - (JXI dt) 

C’ (3) 

where C is the charge taken out on the previous discharge and C’ is the rated 
capacity at that particular rate of discharge. 

The effect of electrolyte agitation on charging efficiency and gas 
evolution was also investigated. 

Experimental 

Eight 2 V lead-acid traction cells of 8400 A h nominal capacity were 
removed from a submarine at mid-service and connected in series. The 
performance of the cells was checked and found to be well within specified 
capacity. 

The battery was then subjected to discharge/charge cycles. Charging 
was always carried out using a three-stage, constant current technique. The 
initial charging rate was 1900 A. This current was maintained until the 
battery voltage had risen to 19.2 V, when it was reduced to 900 A and the 
voltage was again allowed to rise to 19.2 V. The current was then reduced to 
280 A and maintained until the battery voltage was constant over a 2 h 
period. The battery was discharged at one of three, constant current, rates: 
1680 A, 940 A or 510 A. 
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The negative plate group voltages of each cell were continuously 
monitored by immersing a mercury/mercury(I) sulphate electrode in the 
electrolyte. Cell voltages were also measured and the positive plate group 
voltage was obtained from the difference. 

Hydrogen and oxygen contents of the gases evolved from each cell 
were determined using a quadrupole mass spectrometer; the gas flow rate 
was measured using electronic mass flowmeters. 

The constants of eqn. (2) were assessed by measuring steady-state cell 
and plate voltages of fully charged cells at currents of 80 - 400 A, assuming 
that all the current was being consumed in gas evolution at both plates. 
Measurements were carried out in the temperature range 20 - 25 “C with no 
electrolyte agitation. 

The effect of electrolyte stratification on charge efficiency was ex- 
amined by agitating the electrolyte in four of the cells on charge using the 
air pump method described by Bagshaw [ 51. 

Results and discussion 

(i) On-charge gas evolution data 
Figures 1 and 2 show typical cell potential and temperature plots versus 

time during the charge following a discharge at 940 A for cells with, and 
without, electrolyte agitation, respectively. Stages in the three-rate charging 
procedure are readily apparent in the potential plots, with rate changes at 
4.05 h and 5.85 h and charge ending at 14.45 h. The top-of-charge potential 
is achieved earlier for cells charged with electrolyte agitation, indicating a 
superior charging efficiency. This phenomenon is also reflected in the plots 
of hydrogen and oxygen flow rates versus time, shown in Figs. 3 and 4, 
respectively. The plots shown are for the same cells during the same charge 
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Fig. 1. Plot of cell voltage ( -) and cell temperature in “C (e-.....) against time during 
charge following a discharge at 940 A. Cell charged without electrolyte agitation. 
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Fig. 2. Plot of cell voltage ( ---) and cell temperature in “C (.......) against time during - 
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same charge as Fig. 1. Cell charged with electrolyte agitation. 
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Fig. 3. On-charge hydrogen gas flow rate in standard cubic centimetres per minute 
(SCCPM) against time for cells charged with (- ) and without ( ++....e) electrolyte agita- 
tion following discharge at 940 A. 

as Figs. 1 and 2. It is readily apparent that gas evolution at both negative and 
positive plates occurs to a significantly greater extent during the earlier 
stages of charge for cells being charged without electrolyte agitation. The 
final top-of-charge flow rate is, however, achieved more rapidly by cells 
being charged with electrolyte agitation. The amount of gas evolved during 
charge has a direct effect on charging efficiency (see eqn. (1)). It can be 
concluded that charging efficiency is improved and, hence, top-of-charge is 
reached more rapidly when cells are charged with electrolyte agitation in 
order to minimise electrolyte stratification [3]. Equation (3) was used to 
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FLOW RATE / SCCPH 

Fig. 4. On-charge oxygen flow rate against time for cells charged with (- ) and without 
( ......+) electrolyte agitation following discharge at 940 A. 

calculate the times to full charge for the negative and positive plates of the 
cells depicted in Figs. 1 - 4: 
Negative plate, no agitation 8.46 h 
Negative plate, with agitation 8.41 h 
Positive plate, no agitation 9.53 h 
Positive plate, with agitation 8.92 h 

Similar results were observed for charges following different rates of 
discharge, with electrolyte agitation effecting a more marked reduction in 
charge time at the positive than at the negative electrode. These charge 
times, and comparison of Figs. 3 and 4, also demonstrate that the charging 
efficiency of the positive plate is lower than that of the negative plate at 
early stages of charge. The charge efficiency and true state-of-charge versus 
time plots for the positive and negative plates of a cell charged with electro- 
lyte agitation are shown in Figs. 5 and 6. Data shown are for the cell charac- 
terised in Figs. 2 - 4, and the parameters were calculated using eqns. (1) and 
(3). The negative plate was charged with high efficiency until full charge 
was reached, when the charge efficiency rapidly fell to a minimum as hydro- 
gen evolution reached a maximum. The charge efficiency of the positive 
plate dropped progressively with increasing state-of-charge [2 - 41. The early 
and progressive evolution of oxygen from the positive plate indicates the 
progressive nature of the conversion of the lead sulphate to lead dioxide. 
The conversion of lead sulphate to lead at the negative plate occurs in a 
more uniform manner. 

The lower charging efficiency of the positive plate is also due to the 
fact that the charge/discharge reactions occur entirely within the potential 
region for oxygen evolution. The potentials, versus the mercury/mercury(I) 
sulphate reference electrode, at which the onset of gassing was first detected 
were found to be -1.07 V at the negative plate and 1.2 V at the positive 
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Fig. 5. Real state-of-charge (..s....), experimental ( -), and theoretical (- - - -) charge effi- 
ciencies us. time plots, for positive plate group, of cell charged with electrolyte agitation 
following discharge at 940 A. 
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Fig. 6. Real state-of-charge (.....*a), experimental (- ), and theoretical (- - - -) charge effi- 
ciencies us. time plots, for negative plate group, of cell charged with electrolyte agitation 
following discharge at 940 A. 

plate. It must be stressed, however, that the potentials measured are, effec- 
tively, the average potentials of electrodes of very large surface area. 

The disparities in charge efficiency behaviour between the positive and 
negative plates highlight the problems of trying to estimate the state-of-charge 
and state-of-health of a battery from measurements of cell potential alone. 
Reliable data can only be arrived at from measurements of plate potentials. 

Figures 5 and 6, and data from other charges, indicate that at top-of- 
charge, 90 - 95% of the charging current goes into hydrogen evolution at the 
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negative plate, but oxygen evolution at the positive plate is only about 85% 
efficient. The inefficiency of the negative plate could be due to oxygen 
recombination, whereas the inefficiency at the positive plate has been attri- 
buted to the production of persulphuric acid [2]. In the present work, 
however, no evidence was found for the evolution of oxygen from persul- 
phate decomposition after the end of charge. 

The differences in the gas evolution efficiencies at the positive and 
negative plates (see Figs. 5 and 6) are also reflected in the ratio of the 
volumes of hydrogen to oxygen evolved on charge. The on-charge gas evolu- 
tion curves (see, for example, Figs. 3 and 4) were integrated to give the total 
volumes of hydrogen and oxygen evolved. The ratio of hydrogen to oxygen 
was calculated for each cell. No significant difference was found between the 
ratios calculated for cells charged with, and without, electrolyte agitation. 
Average ratios were calculated for the charges following different discharge 
rates. Following discharge rates of 510 A, 940 A and 1680 A, the average 
hydrogen to oxygen ratios were found to be 2.02, 2.16 and 2.17, respec- 
tively. These data suggest that the theoretical stoichiometric ratio is only 
approached as the depth of discharge is maxim&d. This is probably due to 
the effects of oxygen recombination, as more negative surface area is availa- 
ble for oxygen recombination as the rate of the previous discharge increases. 

(ii) Top-of-charge experiments 
Tafel plots were made from the data of top-of-charge experiments. 

The Tafel slope for hydrogen evolution was found to be in the range -0.177 
V to -0.145 V with a mean of -0.159 V. 

The Tafel slope for hydrogen evolution at a planar lead electrode in 
sulphuric acid has been reported as -0.12 V [6, 71. The present slope 
suggests that the negative plate is porous and that hydrogen evolution is 
not restricted to the front face of the electrode. 

The Tafel slope for oxygen evolution was found to be between 0.113 V 
and 0.131 V with a mean of 0.12 V. This value confirms other work on 
battery electrodes [4]. The same slope was, however, also measured on 
effectively planar lead dioxide electrodes [8], suggesting that the positive 
plate behaves as a planar electrode for oxygen evolution. One reason for 
this could be the tortuous nature of the pores in the positive plate as com- 
pared with the more open structure of the negative plate [9]. This would 
tend to lead to pore blocking by gas bubbles so that gas evolution only 
occurs unhindered at the front face of the electrode. This is confirmed by 
Barak et al. [lo] who found that the effective surface area for oxygen evolu- 
tion at the positive plate was only an order of magnitude greater than the 
nominal area. 

Data from top-of-charge experiments were used to determine the con- 
stants of eqn. (2). a and b were found to be in the ranges 1.3213-7 to 
6.793-6 and 12.9 to 15.84, respectively, for the negative plate. For the 
positive plate, the ranges were 1.971E-11 to 7.8923-10 and 17.57 to 20.34, 
respectively. 
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(iii) Estimating battery health/condition parameters 
Figure 7 shows the plate group potentials against time plots for the cell 

characterised in Figs. 2 - 6. These potentials, and the constants measured 
from top-of-charge data, were used, together with eqns. (1) and (2), to 
estimate theoretical charging efficiencies for the positive and negative 
plates. The results are shown in Figs. 5 and 6, respectively, where the theore- 
tical predictions are compared with experimental data. Agreement between 
theory and experiment is very good and confirms that the true state-of- 
charge of a cell or battery can be estimated from simple plate group poten- 
tial data. 

Theoretical and experimental on-charge gas flow rates are plotted for 
the positive and negative plates in Figs. 8 and 9. Again, agreement between 
theory and experiment is, in general, excellent, although disparity between 
theory and experiment for the positive plate at early stages of charge is 
evident. This highlights the problem of using an average potential when gas 
is being evolved from a progressively greater electrode area as charge pro- 
ceeds. It is evident, however, that dangerous gas levels and compositions 
could be predicted from simple plate group potential measurements. 

Figures 8 and 9 also show gas flow rates estimated from the cell poten- 
tial data of Fig. 2. In this case, although the hydrogen flow rate is under- 
estimated compared with the plate potential data, and the oxygen flow rate 
is overestimated, the agreement between theory and experiment is still good 
under the controlled charging conditions used. In an uncontrolled charging 
regime, with no voltage limit, it is anticipated that the errors involved in 
using the cell potential data alone would be unacceptable. 

Figure 10 shows the overall charge efficiency of the cell depicted in 
Figs. 2 - 9 plotted against time. The overall charge efficiency was calculated 
as the average of the measured negative and positive plate values. Also 
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Fig. 7. Negative (- and left axis) and positive (....-.-, and right axis) plate group poten- 
tial us. time plots for ckll charged following discharge at 940 A. 
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Fig. 8. On-charge oxygen gas flow rates against time for cell charged with electrolyte 
agitation following discharge at 940 A. Full line shows experimental data. Broken line 
shows theoretical data calculated from plate potential of Fig. 7 and constants of eqn. (2) 
where a = 1.65E-10 and b = 19.84. Dotted line shows theoretical data calculated from 
cell potential of Fig. 2 and constants of eqn. (2) where a = 3.1E-8 and b = 8.395. 
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Fig. 9. On-charge hydrogen gas flow rates against time for cell charged with electrolyte 
agitation following discharge at 940 A. Full line shows experimental data. Broken line 
shows theoretical data calculated from plate potential of Fig. 7 and constants of eqn. (2) 
where a = 1.7233-6 and b = 14.387. Dotted line is for theoretical data calculated from 
cell potential as per Fig. 8. 

shown, is the estimated state-of-charge calculated using the overall charge 
efficiency. These data should be compared with the theoretical data cal- 
culated from the cell potential data of Fig. 2 and shown in Fig. 11. The 
tendency is to overestimate the current efficiency at early stages of charge, 
but the current efficiency falls in a more progressive manner as the charge 
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Fig. 10. Experimental overall charge efficiency and state-of-charge us. time plots for cell 
of Figs. 2 - 9. 
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Fig. 11. Theoretical overall charge efficiency and state-of-charge us. 
Figs. 2 - 9. 

time plots for cell of 

proceeds. These trends are reflected in the theoretical gas evolution predic- 
tions of Figs. 8 and 9. The theoretical state-of-charge estimation of Fig. 11 
is in good agreement with the measured data of Fig. 10, with a tendency to 
overestimate in line with the charge efficiency calcualtions. In a less-control- 
led charging regime with no voltage limit, however, charge efficiency will be 
significantly reduced at early stages of charge and will be different at each 
electrode. This will lead to unacceptable errors in the estimation of top-of- 
charge. 
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(iv) Requirements for system application 
For the method evaluated here to be applied to a battery health/con- 

dition monitoring system, several requirements need to be met. Firstly, 
individual plate group potentials must be monitored and logged by a central 
processing facility. The system must also have the ability, periodically, to 
determine the overcharge voltage of each plate group as a function of cur- 
rent. This should be done when the battery is fully charged. The system 
could be fine-tuned by monitoring and adjusting for changes in temperature. 
In addition, an account should be kept by the central processor of the charge 
into and out of the battery. 

Conclusion 

A method has been demonstrated which allows the charge efficiency 
of lead-acid cells to be monitored effectively in real time using only vol- 
tage measurements as inputs. With further development this method could 
be used to monitor the state-of-health, state-of-charge, and conditions of the 
batteries, of electrically powered vehicles. 
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