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Abstract: The production of lead-acid batteries is an energy-intensive process where 28 to 35% of the
energy is used in the form of heat, usually obtained from the combustion of fossil fuels. Regardless of
the importance of heat consumption during battery manufacturing, there is no discussion available
in the specialized literature that assesses heat during battery manufacturing. This study assessed
natural gas consumption in a battery plant based on historical data, the thermographic evaluation of
different equipment, and measurements of the combustion processes and combustion gases. Heat
transfer models were used to calculate surface heat losses in the various assessed processes, while
combustion theory was used to identify other saving potentials. Saving potentials equivalent to
16.6% of the plant’s total natural gas consumption were identified. Replacing the ingot casting system
accounts for a potential saving equivalent to 13.6% of the plant gas consumption, improving the grid
casting systems for 2.8%, and the leady oxide accounts for a low 0.1%. Implementing the saving
measures related to surface heat loss and poor operational practice reduced natural gas consumption
by an estimated 1.2% monthly. Savings could be increased to 3.2% by expanding the saving measures
to the remaining grid casting systems. Overall, natural gas consumption was reduced by an estimated
777 m3/month, GHG emissions by 1.6 tCO2eq./month, and fuel costs by 1603 USD/month.

Keywords: lead-acid battery; energy efficiency; thermal efficiency

1. Introduction

The current environmental situation and the energy crisis drive the pressing demand
to improve energy efficiency [1] and reduce dependence on fossil fuels [1]. Globally, manu-
facturing accounts for over 30% of the primary energy demand and over 38% of carbon
emissions [2]. Specifically, manufacturing lead-acid batteries (LAB) is energy-intensive [3,4]
and has several environmental impacts, partly driven by the process energy [5,6]. LABs are
projected to be the main alternative for lighting, starting, and ignition batteries for vehicles
in the transport sector until 2030 [7,8]. In China, the highest producer and consumer of
LABs worldwide, the environmental impacts of energy during the life cycle of LABs in-
creased between 1990 and 2016 [9]. However, the discussion of the environmental impacts
of LABs focuses on lead pollution and its health effects [6,9].

On average, LAB manufacturing demands 6.7 to 16.6 MJ/kgbattery [10,11], of which
electricity accounts for 65% [12] to 71.6% [13]; the heat demand (for lead refining and cast-
ing, lead oxide (PbO) powder production, grid manufacturing, curing, etc.), represents the
remaining 28.4% to 35%. In China, despite the energy used per t of LAB manufactured re-
ducing by 13% between 1990 and 2016, the total energy demand increased by 120%, driven
by rising demand [9]. Therefore, the energy demand for LAB manufacturing increased
about nine times faster than the manufacturing energy efficiency. Moreover, greenhouse
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gas emissions from LAB manufacturing are estimated at 1.1 kgCO2eq./kgbattery [4]. GHG
emissions in LAB manufacturing mainly stem from lead recycling (i.e., refining and pro-
duction of lead and lead alloys) because of the fuel demand [14]. LABs account for a higher
impact on global warming potential than lithium and nickel alternatives [15]. Overall,
GHG emissions are highly dependent on energy consumption and efficiency in LAB pro-
duction [16]. Thus, higher energy efficiency standards are instrumental in reducing energy
consumption and the associated economic and environmental costs. Reducing energy costs
is instrumental for competitive manufacturing [17]. In industry, energy efficiency and man-
agement strategies effectively mitigate environmental impacts such as global warming and
climate change while reducing energy costs [2]. However, energy management strategies
are frequently misused or implemented incompletely in manufacturing [2,18].

LAB manufacturing uses fuel in crucibles, furnaces, grid-casting machines, and other
technologies to produce the heat demanded by different processes. Some battery plants are
using outdated technologies without adequate maintenance, which impacts the technical
state and efficiency of the equipment. However, limited technical knowledge and the
lack of expertise to identify inefficiencies usually prevent higher efficiency standards.
More efficient technologies could improve energy efficiency by more than 20% in small and
medium-sized enterprises [19]. However, this is usually difficult [4] and is mainly precluded
by economic barriers [20]. Moreover, energy efficiency and management strategies are
considered to be both the best and the least capital-intensive path to energy efficiency [19],
with the potential to improve energy efficiency by up to 25% [21] and reduce production
costs by 10 to 20% [17]. Therefore, introducing energy efficiency strategies is essential
for a competitive industrial sector, rather than acquiring new technology. Improving
technology management of LAB manufacturing reduces the environmental impacts [9].
However, barriers including limited access to capital [22], lack of motivation, limited
technical knowledge, and lack of expertise to identify energy-saving potentials [23] have
precluded higher efficiency standards in the industry. LAB manufacturing requires more
research and development to implement energy efficiency standards [24].

While the energy efficiency and management of LAB manufacturing are paramount to
lowering production costs [25,26], there is little discussion in the specialized literature. Most
studies discussing the manufacturing of LABs focused on improving issues such as the
battery charge and discharge processes, performance, longevity, and capacity of LABs [9].
The available studies that discuss the energy consumption of LAB manufacturing focus on
the management and efficiency of electricity consumption during battery formation [3], the
production and consumption of compressed air [27], and the battery plants [4,16]. However,
to the authors’ best knowledge, fuel consumption to support the heat demand required in
LAB manufacturing is not discussed in the literature. Therefore, this study aims to assess
the use of natural gas consumption during LAB manufacturing in order to identify saving
potentials and define efficiency standards.

The novelty of this study is the assessment of the consumption and use of heat during
LAB manufacturing. Additionally, it proposes efficiency indicators and highlights fuel-
saving opportunities based on the use of these indicators.

2. Energy Management

The ISO 50001 standard [28] guides implementing, maintaining, and improving EM
systems. The standard indicates using Energy Baselines (EnB) and Energy Performance
Indicators (EnPI). The ISO 50001 approach is used in this case to assess the natural gas
consumption in the battery plant:

1. Energy audit (to measure natural gas consumption and identify saving opportunities).
2. Implement EM strategies to improve and maintain energy efficiency standards.

During the energy audit, the gas demand and heat and combustion losses of the
different processes in the plant were determined. Energy loss related to the idle operation
and lead recirculation due to quality issues were also determined.
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Considering the characteristics of thermal processes, the use of thermal efficiency
indicators (i.e., based on energy and exergy) was considered with the energy baseline and
the statistical EnPIs approach suggested by the ISO 50006 standard [29]. Exergy assessment
can quantify energy systems’ performance, contributing to reducing inefficiencies and
pollution in energy systems [30].

Moreover, to systematize the saving opportunities identified and maintain high energy
efficiency standards during the manufacturing of LABs, this study uses the general manu-
facturing EM framework depicted in [2]. The EM framework includes two dimensions. One
dimension comprises the key components for EM (i.e., measurements, key performance
indicators (KPIs, referred to as EnPIs in this study), monitoring, and evaluation and control).
Moreover, the second dimension focuses on the plant operational levels (i.e., enterprise,
site, area, etc.). Therefore, EM systems are applied at different levels, including [4]:

• Factory (level 1): group of process chains supported by technical services supplying
the required resources.

• Process chain (level 2): distinct logical combination of machine tools for the production
units/lines.

• Machine tool (level 3): unit operation and auxiliary equipment of production units/lines
where operational activities occur.

When defining EnPIs, correlations of the energy baseline (EnB) of R2 > 0.6 are regarded
as potential explanatory indicators, whereas correlations with R2 > 0.8 are considered
potentially strong indicators [31]. Thermal efficiency and specific energy consumption
(SEC) indicators can also be used as EnPIs.

Using EnPIs and EnBs, the cumulative sum chart (CUSUM) can be applied to detect
deviations from the expected energy performance. CUSUM allows identification as to when
interventions to address inefficiencies are needed [32]. The CUSUM, in this case, compares
the expected energy consumption (based on the EnB) with the measured consumption.
Moreover, to define control limits for the CUSUM chart, historical data and the Hampel
identifier are used to define the median absolute deviation (MAD) [33]:

MAD = 1.4826·median·{|xi − x*|} (1)

where x* is the median of the data sequence and xi is a specific value in the data sequence
(x1, x2, . . . , xi).

The EnBs defined in the sections are used to compare the evolution of their fuel
consumption in different periods:

FP(%) =
∑j(FM − FB)

∑j(FB)
·100 (2)

FP—Fuel performance (%)
FM—Fuel consumption measured per shift/batch
FB—Expected fuel consumption per shift/batch calculated with the EnB
j—Data sequence of shifts/batches (1, 2, . . . , j) measured
Equation (2) is a summation from 1 to the j shift/batch on the period considered. The

equation shows the percentage of fuel overconsumed or saved (i.e., the difference between
measured and baseline fuel consumption). The FP can be used to assess the fuel consump-
tion in a section over a period or to compare the performance over different periods.

LAB Manufacturing

Battery manufacturing is a complex process that requires different steps. Figure 1
shows the process of battery manufacturing.
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LAB manufacturing begins in the refining section, where scrap lead and ores are
refined to obtain the required pure lead and lead alloys. The refined lead is then cast into
ingots for storage. The active electric mass used in negative and positive grids requires
leady oxide powder (PbO) paste, produced using pure lead ingots that are melted in a
crucible. Similarly, lead alloys (melted in different crucibles) are used to produce the
positive and negative grids, terminals, and connectors in different processes. Next, the
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PbO electric active mass is pasted into the positive and negative grids, which are then
dried and cured to obtain a strong porous mass skeleton bound to the grid. The different
components are welded and assembled into a LAB in the assembling section, after which
the electrolyte (sulfuric acid) is added, and batteries are sent to the formation process.
During the formation process, batteries are charged for the first time while transforming the
grids into positive and negative electrodes. Finally, formed batteries pass the quality control
process and are packed and stored before commercialization. The air-filtering system uses
fabric filter systems with pulse-jet cleaning to guarantee adequate indoor air quality by
removing the particulate matter emitted in different processes from the air.

The heat required for refining scrap lead, melting pure lead and alloys, and drying
and curing the positive and negative grids is supported by combusting different fuels
(e.g., natural gas, fuel oil).

3. Materials and Methods

Gas flowmeters (Katronic KATflow 180 [34]) were installed in the different sections
of the plant, measuring gas consumption per section for seven months, synchronized
with the plant gas meter already in place, to segregate the consumption within the plant.
The temperature field of different surfaces in grid casting machines and crucibles as well
as the O2 in combustion gases were monitored during the measuring period to check
that operating conditions remained stable during the measuring period. The surface
temperature was measured with a thermographic camera (FLIR E 53, Teledyne FLIR LLC,
Nashua, NH, USA [35]) and the fraction of O2 in combustion gases was measured with a
Testo 340, Testo SE & Co. KGaA, Titisee-Neustadt, Germany [36].

3.1. Production Lines

The main production lines in the plant include grid production systems, lead refining,
and leady oxide powder production. Figure 2 depicts the production lines.

Scrap lead is refined in two crucibles during the refining section (see Figure 2a) in
order to produce the pure lead and lead alloys needed for battery manufacturing. The
crucibles are fed with lead scrap using refiners to remove Cu, Sn, Sb, and other pollutants
to produce the pure lead (for leady oxide powder production) and lead alloys required for
positive and negative grids, terminals, and connectors. This process is developed in several
stages [37]:

1. Copper removal.
2. Softening process to remove arsenic, antimony, tin, and other elements by oxidation.
3. Removal of silver, gold, and zinc excess with the Parkes (desilverizing) process.
4. Removal of bismuth in a process similar to desilverizing.
5. Caustic clean to remove any trace impurity of antimony, calcium, magnesium, and

zinc remaining from the previous processes.

Moving from one stage to the next is defined based on the laboratory results of samples
taken after each stage.

Moreover, a Barton process (see Figure 2b) produces leady oxide powder in the plant.
This process uses gas to melt pure lead in a crucible and feed the Barton process. Finally,
positive grid manufacturing (see Figure 2c) is developed in a crucible and grid casting
machines system. The plant has four positive grid production systems (i.e., one crucible
feeding molten lead to two casting machines). Different molds are available in casting
machines to produce the different types of positive grids needed for the different battery
models manufactured in the plant. One of the grid production systems, used as a backup
in case of failure or maintenance of other operational machines, has only one operating
casting machine, for a total of seven casting machines.
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3.2. Equipment

This section describes the highest gas consuming equipment used in the plant, includ-
ing the traditional crucible, the ingot casting machine, and the grid casting machine (see
Figure 3).

Traditional crucibles (see Figure 3a), in which combustion gases have low residence
times, operate with a thermal efficiency varying from 7 to 19% [38–40]. Other crucible
designs increase the residence time of gases or introduce exhaust heat recovery systems to
increase thermal efficiency by up to 28% [41]. Moreover, electric furnaces have efficiencies
between 57% and 75% [42,43]. Some crucibles are entirely or partially buried in the plant,
so there are no surfaces exposed to the air. Thus, no heat is lost by surface convection in
those cases.
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The refined lead and lead alloys must be cast into ingots, for which a casting ingot
machine is used. The ingot machine (see Figure 3b) has a chain conveyor mechanism that
moves casting molds. The molten lead is heated using burners (or other systems) and it is
poured into the casting mold during the movement of the conveyor. The metal is cooled
using air and water as they move in the conveyor chain. The solid ingot is extracted once it
is cold. Refining crucibles produce molten lead at temperatures between 370 and 430 ◦C,
while casting requires temperatures ranging from 455 to 540 ◦C [44]. In the plant, lead
is pumped from the crucible to the ingot casting machine through a pipe 2.5 m long and
0.15 m in outer diameter. The flow of lead averages 1.65 kg/s, while the average power
supply of natural gas equals 364 kW.

Natural gas is combusted to melt lead ingots in a crucible and to keep lead at the
required temperature during the positive grid casting process (see Figure 3c). The grid
casting machine receives the molten lead from a crucible. Then, a burner is used to heat the
molten lead to the required temperature before it is supplied to the die-casting unit, where
grids are cast. The casted grids are dropped into a transporter band, moving grids to the
clamping unit that trims the excess lead remaining from casting. The lead wasted in the
clamping unit is melted again in the crucible. Moreover, the finished grids are accumulated
and eventually stacked to continue the production flow. Grid-casting machines lose heat
through the walls, as shown in Figure 4.
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The figure shows an average surface temperature of 265.4 ◦C for the vertical plate and
310.5 ◦C for the inclined plate. These surface temperatures represent an energy loss and a
security hazard for the operators of the grid machines.

3.3. Combustion Analysis

The combustion excess air coefficient is calculated like [45]:

λ = 1 +
O2

21−O2
(3)

where:
O2—Percent of oxygen in the combustion gases (%).
λ—Excess air coefficient.
The potential savings from improving combustion efficiency can be estimated from

the available heat chart [46,47].
The composition of natural gas is depicted in Table 1.



Sustainability 2023, 15, 12030 9 of 27

Table 1. Composition of natural gas.

Component Mass Fraction (%)

CH4 96.3
N2 2.6

CO2 0.4
C2H6 0.5
C3H8 0.1
C4H10 0.1
Total 100.0

Based on the components depicted in Table 1, the stoichiometric combustion air
amounts to 16.7 kgair/kgnatural.gas (i.e., 11.1 kgair/m3

natural.gas).

3.4. Heat Transfer Analysis

The convection heat transfer coefficient of hot surfaces is calculated to determine the
heat lost through the walls in the grid casting machines and crucibles. When necessary,
adequate insulation is considered to calculate potential energy savings.

The average surface temperature is used to calculate the heat loss by convection with
and without insulation.

The walls of crucibles include firebricks and a steel casing, as depicted in Figure 5.
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The figure shows the wall of crucibles built with a layer of firebricks and a steel
reinforcement covering the firebricks (see Figure 5a). In this case, heat losses through the
walls can be significant. Thus, insulation might be indicated (see Figure 5b). The average
surface temperature measured in the equipment (TM) is used as a reference to calculate
heat losses and energy-saving potentials. Equation (4) (without insulation), Equation (5)
(plane wall with insulation), and Equation (6) (cylinder wall with insulation):

qwall = hout·Aout·(TM − To) (4)

qwall = kτ·Aout·
(TM − Ts)

L
= hout·Aout·(TS − To) (5)

qwall = 2·π·kτ·L·
(TM − Ts)

ln
(

r4
r3

) = hout·Aout·(TS − To) (6)
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where:
qwall—Heat transfer through the wall (W)

hout—Convection heat transfer coefficient of the exterior surface
(

W
m2·K

)
Aout—Exterior surface

(
m2)

TM—Average surface temperature measured (◦C)
TS—Surface temperature of the insulation (◦C)
To—Ambient temperature (◦C)
kτ—Thermal conductivity of the insulation material

(
W

m·K

)
The energy-saving po-

tential from insulating the wall is calculated considering the heat conduction and con-
vective heat transfer through the insulating material. The use of a commercial wool(

kwool = 0.034 W
m·K

)
with a cost of 10.8 USD per sheet (i.e., Length = 120 cm, Width = 60

cm, Thickness =5.08 cm) was considered for insulation [48].
The different radii of the crucible wall are calculated based on the inner radius (r1) of

the firebrick wall as follows:
r2 = r1 + L (7)

r3 = r2 + δ (8)

r4 = r3 + τ (9)

where:
r1—inner radius of the firebrick wall
r2—outer radius of the firebrick wall
r3—outer radius of the steel reinforcement
r4—outer radius of the insulation
The convection coefficient hout is calculated as:

hout =
Nu·kaire

D
(10)

The Nusselt number for vertical plate surfaces can be calculated using Equation (10),
which is suitable for most engineer calculations of vertical and inclined plates [49–51].
In the case of inclined plates, g is replaced by g·cos(φ) to calculate RaL (where φ is the
inclination angle of the plate):

Nu =

0.825 +
0.387·Ra1/6

L[
1 +

(
0.492

Pr

)9/16
]8/27


2

(11)

where:
Nu—Nusselt number

(
Nu = hout·D

kaire

)
RaL—Rayleigh number

(
RaL =

g·β·(TS−To)·L3

ν·α

)
TS—Surface temperature
To—Ambient temperature
Pr—Prandtl number

(
Pr= ν

α

)
For the surface of vertical cylinders, the Nusselt number is calculated as follows [49,52–54]:

Nu =
4
3
·
[

7·Ra·Pr2

5·(20 + 21·Pr)

] 1
4

+
4·(272 + 315·Pr)·H
35·(64 + 63·Pr)·D (12)
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The energy-saving potentialities are calculated as the difference between the heat loss
through the walls without insulation (qn) and the heat loss with insulation

(
qideal

)
:

.
Qwall =

(
qn − qideal

)
·t (13)

where t is the time frame considered for the calculations.

3.5. Energy and Exergy Balances

The mass, energy, and exergy balances of the equipment are used to calculate the
thermal efficiency. For these calculations, it is considered that the systems operate under
steady-state conditions.

For an open system operating under steady-state conditions, the mass balance is given
by:

∑i
.

min = ∑i
.

mout (14)

where:
.

min—Input flows
.

mout—Output flows.
The energy balance is given by:

iEin = jEout (15)

where:.
Ein—Input energy flows
.
Eout—Output energy flows.
The energy of a flow is calculated as follows:

.
E =

.
m·cP·∆T (16)

where:
cP—Specific heat
T—Temperature of the flow.
The exergy balance of a thermal system is calculated as follows:

∑i Xin,i = ∑j Xout,j + XD (17)

where:
Xin—Exergy of the input flows
Xout—Exergy of the output flows
XD—Exergy destruction
The exergy of a flow equals:

X = XPh + XCh (18)

XPh—Physical exergy
XCh—Chemical exergy.
The physical exergy is calculated as follows:

XPh =
.

m·[(h− ho)− To·(s− so)] (19)

where:
h—Enthalpy
S—Entropy
o—Refers to the reference environment
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The specific chemical exergy of a gas mixture is given:

xCh = ∑k zk·xCh
k + R·To∑k zk·ln(zk) (20)

The chemical exergy of substances was obtained from the chemical exergy calcula-
tor [55].

The exergy of the heat is given by:

XQ =

(
1− To

T

)
·Q (21)

The exergy efficiency (ηx) is expressed as:

ηx =
P
F

(22)

where:
P—Exergy product
F—Exergy input

3.6. GHG Emissions from the Combustion of Natural Gas

The potential reduction of GHG emissions related to the energy-saving potentials is
calculated as follows:

GHGmitigation = NGsavings·EFGHG (23)

where GHGmitigation stands for the potential reduction of GHGs associated with the poten-
tial savings of natural gas (NGsavings) and EFGHG stands for the GHG emission factor of
natural gas.

The emissions of GHGs from natural gas in Colombia are described by UPME [56], as
shown in Table 2. The equivalent emission factors are provided by [57].

Table 2. Equivalent GHG emissions from natural gas.

GHG Emission
(kg/TJ)

Emission Factor
(kgCO2eq./kg)

Equivalent Emission
(kgCO2eq./TJ)

CO2 55,540 1 55,540

CO 3.28 3 10

CH4 1 28 28

N2O 0.1 265 27

Total - - 55,605

In total, CO2 accounts for most of the GHG emissions resulting from the combustion
of natural gas. Other gases, including CO, CH4, and N2O, have marginal contributions.
These emissions are equivalent to 0.2 kgCO2eq. per kWh. Moreover, GHG emissions from
electricity account for 0.166 kgCO2eq. per kWh [58].

4. Results

A battery plant in Colombia using natural gas to support its heat demand is selected
as a case study. Data from one year of operation was used in the calculations.

4.1. Gas Consumption during the Manufacturing of LAB

Table 3 shows the results and the Pareto of gas consumption per section in the plant.
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Table 3. Pareto chart of gas consumption.

System Gas (m3/Month) Share (%) Pareto (%)

Positive grid casting 24,255 36.9 36.9

Refining 20,347 31.0 67.9

Production of PbO 8626 13.1 81.0

Production of terminals and
connectors 5409 8.2 89.2

Tunnel 1 (curing and drying) 3586 5.5 94.7

Tunnel 2 (curing and drying) 3492 5.3 100.0

Total 65,715 100.0 100.0

The results show that the positive grid casting machines, the lead refining process,
and the process of PbO powder production account for 81% of the total demand for natural
gas in the plant. Therefore, this study will focus on these three processes.

The cost of natural gas is 0.5 USD/m3, while the electricity cost is 0.15 USD/kWh.

4.2. Saving Potentials

The saving potentialities are individually assessed for the systems considered in this
study. Historical gas consumption and production data were only available for the refining
section.

4.2.1. Positive Grid Casting System

Figure 6 shows the gas consumption measured in the positive grid casting system
during 109 shifts.
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The gas consumed during shift changes is considered a process loss (i.e., grid casting
stops while gas consumption continues). Idle operation during the shift changes accounted
for 3.8% of the total gas consumption, ranging from 0 to 6.9%. These results show that
the change of shifts is irregular, taking different amounts of time. Moreover, when the
crucible continues using fuel to keep the lead molten, idle operation during machine
failures accounts for 1.6% of the production time. On average, a grid casting system uses
68.6 m3 of natural gas per shift, with the crucible using 52.5% of the fuel.

Die casting units have a maximum grid casting rate regardless of the grid size (i.e., up
to 10,000 grids per 8 h shift). Therefore, grid casting losses depend on the share of grids
rejected. Rejected grids are mostly recirculated to the crucible, thus accounting for process
inefficiency. The rate of grid rejection during grid casting varies depending on the operation
of the casting machine (see Figure 7).
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On average, around 13% of the grids produced during a shift are rejected, varying
between 2 and 38%. About 10% of the shifts measured operate with grid rejection rates
lower than 5%. Moreover, lead consumption averages 764.5 kg/shift (i.e., from 241 to
1131 kg/shift), while grid production averages 731.2 kg/shift.

The relation between gas consumption and grid production is shown in Figure 8.
The figure shows no correlation between grid production and gas consumption. These

differences are explained by the factors affecting gas consumption, including failures, shift
change, operation of the system, etc.

The exergy efficiency of the positive grid production process is defined as the ratio of
the chemical exergy of grids to the exergy input to the process (i.e., the exergy of natural
gas, air, and lead).

ηx =
XCh

Grid
Xingots + Xn.gas + Xair

(24)
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The exergy balance for the grid casting systems is depicted in Table 4. The exergy
destruction includes the natural gas used during failures and shifts change when grid
production stops while fuel is still consumed.

Table 4. Exergy balance of the grid casting system.

Flow Equipment
Flow

(kg/Shift) T (◦C) T (K)
ech eph Ech Eph ET ET (%)

(kJ/kg) (MJ/Shift)

Lead

Crucible

769.3 38 311 1064.5 0.0 818.9 0.0 818.9 18.1

Fuel * 38.0 38 311 38,584.0 0.0 1465.0 0.0 1465.1 32.3

Air 636.4 38 311 48.4 0.0 30.8 0.0 30.8 0.7

Molten lead 769.3 450 723 1064.5 62.9 818.9 48.4 867.2 19.1

Combustion gas 674.4 253 526 197.5 295.8 133.2 199.5 332.7 7.3

Exergy destruction - - - - - - 1039.4 24.6

Molten lead

Casting
machine

769.3 450 723 1064.5 62.9 818.9 48.4 867.2 19.1

Fuel * 34.3 38 311 38,584.0 0.0 1323.6 0.0 1323.6 29.2

Air 582.6 38 311 48.4 0.0 28.2 0.0 28.2 0.6

Grids 735.8 80 353 1064.5 6.4 783.2 4.7 787.9 17.4

Grids rejected 33.5 80 353 1064.5 6.4 35.7 0.2 35.9 0.8

Combustion gas 616.9 302 575 164.4 363.3 101.4 224.1 325.5 7.2

Heat loss - - - - - - - 43.9 1.0

Exergy destruction - - - - - - - 957.6 22.6

* Natural gas flow in m3/h.

The system uses 51% in the crucible and the remaining in the casting machine. The
grid casting system operates with an overall exergy efficiency of 17.4%. Inefficiencies are
explained because the crucible and casting machine irreversibly destroy 47.2% of the exergy
input. The exergy destruction includes some 3.2% lost during failures and shift changes.
Exergy destruction is driven by combustion and heat and by momentum transfer. Therefore,
saving opportunities can be realized by improving the combustion processes, reducing the
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physical exergy lost with the combustion gases and the heat loss, and minimizing losses
during equipment failure and shift changes.

Figure 9 shows the correlations of the SEC and the exergy efficiency to the flow of grid
production in one grid casting system.
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The results show that the SEC is an adequate EnPI to monitor this process. However,
exergy efficiency can be used to identify process losses. The SEC with a correlation of
R2 > 0.6 can be considered as a potential EnPI. In this case, the positive grid casting process
operated with a FP of 6.1%.

4.2.2. Refining

A. Pure lead
B. Lead-calcium-tin alloy for negative grids
C. Lead-calcium-tin alloy for positive grids
D. Lead-antimony alloy

The data for refined lead production and natural gas consumption measured in the
plant is shown in Figure 10.
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The figure shows no correlation between the production of refined lead and the
consumption of natural gas. This is explained because the gas used for refining strongly



Sustainability 2023, 15, 12030 17 of 27

depends on the scrap quality used in the refining batches (i.e., refining lower scrap quality
has higher energy requirements). On the other hand, reducing the delay between refining
stages is possible by addressing the delay in reporting laboratory results. During this
delay, crucibles use fuel to maintain the temperature of the batch, accounting for a fuel loss.
Frequently (especially during the night), laboratory results are not immediately available
in the refining section. On average, refining demands 558 MJ/t, while ingot casting
requires 233 MJ/t (i.e., 791 MJ/t for the section). In contrast, the specialized literature
reports refining crucibles and ingot casting with a total energy demand between 358.7 MJ/t
(i.e., 0.34 million BTU) [58] and 276.3 MJ/t (i.e., 224.9 MJ/t for refining and 51.4 MJ/t
for casting) [59]. Therefore, the energy demand measured is between 2.2 and 2.9 times
higher than the demand reported in the literature for these processes [58,59]. Given the
low correlation between gas consumption and refined lead production, a different EnPI is
needed to assess the energy use in this process.

The exergy efficiency is an alternative EnPI used to assess the refining process. In
this case, the efficiency is defined as the ratio of the chemical exergy of refined lead to the
exergy input to the process (i.e., the exergy of natural gas, air, and scrap lead):

ηx =
XCh

lead
Xscrap + Xn.gas + Xair

(25)

The mass and exergy balances of the average production in the section during the
production and ingot casting of refined lead are presented in Table 5.

Table 5. Mass and exergy balances of the lead refining process.

Flow Equipment m (kg/Batch) T (◦C)
Xch Xph Xtotal

(MJ/Batch)

Scrap

In

Crucible

32,793 38 34,908 0 34,908

Natural gas 325 38 12,543 0 12,543

Air 5088 38 247 0 247

Refined lead

Out

29,123 400 31,001 520 31,521

Slag 3670 400 3907 66 3972

Surface heat loss - 160 - 375 375

Combustion gases 5413 313 1034 492 1526

Refined lead
In Ingot

29,123 400 31,001 520 31,521

Natural gas 133 38 5113 0 5113

Ingots Out 29,123 90 31,001 17 31,018

The refining process operates with an overall exergy efficiency of 58.7%. Inefficiencies
are explained because 11.1% of the exergy (i.e., 5873 MJ/batch) is lost with the slag, the
combustion gases, and the surface heat loss, while 30.1% of the exergy is destroyed in
the crucible (i.e., accounting for 10,306 MJ/batch) and in the ingot casting system (i.e., ac-
counting for 5614 MJ/batch). Exergy destruction is driven by the chemical reactions in
the processes (i.e., combustion and refining reactions) and physical processes such as heat
and momentum transfer. Exergy destruction during combustion increases with the excess
air [60]. Therefore, saving opportunities can be obtained by reducing the physical exergy
lost with hot gases and heat loss and improving the combustion of natural gas.

Figure 11 shows the relation of the SEC and the exergy efficiency to the flow of lead
refined in the refining crucible.
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The figure shows that the correlation between production and SEC is lower than
indicated for an EnPI. Moreover, with a correlation of R2 > 0.6, the exergy efficiency can
be considered as a potential EnPI. Thus, it can be used to monitor and control energy use
during lead refining. Based on this EnPI, energy savings can be achieved by monitoring
the performance of the refining process. Contrasted to the EnB of exergy efficiency during
the period considered, the refining system operated with an FP of 7.4%.

Saving opportunities were identified with the surface heat loss in the refining crucible,
the excess air in the natural gas combustion in the crucible, and the lead heating system
used for ingot casting. Furthermore, the time between sampling and the availability of
laboratory results could be reduced, particularly during night shifts. Using natural gas
in the refining crucible is strongly influenced by batch production time. Table 6 shows
the natural gas consumption and saving potentials of the refining crucible. In this case,
the surface heat loss was calculated using Equation (3) for the measured conditions and
Equation (5) for the insulated crucible, while the convection coefficient of the crucible
surface was calculated using Equation (11). Moreover, the potential savings were calculated
using Equation (12), for which an average of 41 h per refining batch, operating with an
excess air of 1.41, is considered. The properties of air were taken from [61].

Table 6. Natural gas consumption and saving potential during the operation of the refining crucible.

Parameter Unit
Crucible Surface

Current Optimized Savings

Surface temperature ◦C 159.6 80 -

Surface heat loss W 8971 2454 6516

Excess air (λ) - 1.41 1.10 -

Combustion efficiency (λ) % 72.5 74.2 1.7

Natural gas m3/batch 471.7 437.6 34.1

GHG emissions kgCO2eq./batch 973.1 902.7 70.4

Cost USD/batch 235.9 218.8 17.1

The average surface temperature of 159.6 ◦C, measured with the thermographic
assessment, accounts for an energy loss and a security hazard and could be reduced to
80 ◦C using insulation. The use of insulation to reduce surface heat loss in the crucible
could reduce the fuel demand by 5.5%. In total, 24 insulation wool sheets are needed for the
crucible, requiring an investment of 259.2 USD. This investment can be recovered within
16 refining batches (i.e., around 1.5 months, considering 132 refining batches per year). On
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the other hand, improving the combustion efficiency by reducing λ can further reduce fuel
consumption per batch by 1.7%.

Furthermore, reducing the exit temperature of combustion gases to 150 ◦C by improv-
ing heat transfer in the crucible could reduce fuel consumption by 8.5%. However, realizing
this potential is challenging at best since enhancing heat transfer between the combustion
gases and the lead in the crucible requires implementing modifications or eventually re-
placing it. Therefore, this aspect will not be further discussed in this case. Because of the
difficulties in measuring the delays in the availability of laboratory results after sampling
the refining process, it was impossible to estimate saving potentials. However, reducing
the time was proposed as a saving measure.

The heating system currently used in the ingot casting system accounts for the main
saving potential. Heating a lead flow of 1.2 to 1.7 kg/s from 399 ◦C to 504 ◦C (values
measured in the plant) requires a heat flow of 18 to 51 kW. Currently, the heating system
consumes an energy flow of 306 to 562 kW (i.e., an energy efficiency of 6 to 9%). Therefore,
an alternative process could be indicated to heat the lead flow to the casting temperature.
The impedance pipe heating system, available for lead heating (see Figure 12), is an
alternative to the current system. Impedance pipe heating systems operate with an energy
efficiency ranging from 40 to over 90% [62] and are available from 1 kW to several MW to
heat up to 1090 ◦C, with heat flows up to 29.5 W/cm2 [63]. Impedance heating systems are
available at capital costs of 2838 to 4118 USD per m [64,65].
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Heating a lead flow of up to 1.7 kg/s in an impedance pipe heating system requires
a heat flow of 27 kW. Table 7 shows the saving potential for the use of an impedance
heating system.

Table 7. Saving potential of impedance heating system.

Equipment Unit Combustion
Impedance Savings

Min. Max. Min. Max.

Natural gas m3/batch 192.3 - - - -

Electricity kWh/batch - 137.7 309.8 - -

Energy costs USD/batch 96.1 20.7 46.5 75.5 49.7

GHG emissions kgCO2eq./batch 396.7 22.9 51.4 373.8 345.2

Capital cost USD - 4118 - -

Based on the results, the capital investment in the impedance system would be re-
covered in 55 to 83 refining batches (i.e., around 5 to 8 months). Thus, economically, the
investment looks attractive. Moreover, GHG emissions will be reduced to 5.8 to 13.0% of
the current emissions.

4.2.3. Leady Oxide Powder Production

Leady oxide powder production is a complex process. Most of the gas consumption
in this process occurs in the crucible that operates for a monthly average of 525 h to melt
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the lead ingots and feed molten lead to the Barton process. Therefore, the assessment of
this area focused on the crucible, which, similar to the refining crucible, shows high surface
temperatures. The thermographic measures show a surface temperature varying from 100
to 241 ◦C, with an average of 159 ◦C. Figure 13 shows the relation between the produced
PbO and the gas consumed in the process.
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The results show no correlation between the production of leady oxide and gas consumption.
The exergy efficiency for leady oxide powder production is defined as the ratio of

the chemical exergy of the leady oxide powder to the exergy input to the process (i.e., the
exergy of natural gas, air, and lead):

ηx =
XCh

PbO
XLead + Xn.gas + Xair

(26)

The mass and exergy balances of the average production in the section during the
production and ingot casting of refined lead are presented in Table 8.

Table 8. Mass and exergy balances of the leady oxide powder production process.

Flow Process T
(◦C)

Flow
(kg/h)

Xch
(kW)

Xph
(kW)

XT
(kW)

Lead

Crucible

38 957.4 283.1 0.0 283.1

Molten lead 414 957.4 283.1 8.9 292.0

Natural gas 38 4.5 48.4 0.0 48.4

Air (combustion) 38 106.4 1.4 0.0 1.4

Combustion gases 253 110.9 1.5 2.2 3.7

Natural gas

Barton

38 0.5 5.4 0.0 5.4

Air (combustion) 38 12.6 0.2 0.0 0.2

Air (reaction) 38 124.4 1.7 0.0 1.7

Leady oxide 97 1009.5 120.5 0.4 120.9
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The exergy balance shows that most of the exergy is unavoidably destroyed during the
Barton process. Moreover, in the crucible, 7.6% of the fuel exergy is lost with combustion
gases, while irreversibilities account for most of the inefficiencies, mainly due to the
combustion and heat transfer processes.

Table 9 shows the natural gas consumption and saving potentials of the leady oxide
crucible, considering the measured exit temperature of combustion gases of 250 ◦C.

Table 9. Natural gas consumption and saving potential in the operation of the PbO powder crucible.

Parameter Unit
Crucible Surface

Current Optimized Savings

Temperature ◦C 159.3 94.5 -

Heat loss kW 1.55 0.61 0.94

λ 1.5 1.1 -

ηcombustion % 75.8 77.1 1.3

Natural gas Insulation m3

month
85 33 51

Combustion - - 52

GHG emissions
Insulation kgCO2eq.

month

175 69 106

Combustion - - 107

Cost
Insulation USD

month
87 34 53

Combustion - - 26

Results show that insulation can reduce the surface temperature to 94.5 ◦C, thereby
reducing surface heat losses by 61%. In total, the gas consumption in the section can be
reduced by 2.6% (i.e., 1.3% by insulating the crucible and 1.3% by controlling the excess air
to 1.1). Insulating the crucible requires 11 wool sheets costing 119 USD. This investment
can be recovered in less than three months. Moreover, reducing the exit temperature of
combustion gases in the crucible to 120 ◦C might reduce the demand for natural gas by
6.8%; however, this improvement requires modifications to the crucible design that are
challenging at best and are therefore excluded from this assessment. Finally, the gas flow in
this crucible is manually controlled, and operators usually set a fixed flow during the shift,
leading to inefficiencies. Controlling the fuel flow as a function of the lead temperature is
more indicated and efficient.

Figure 14 shows the SEC and the exergy efficiency of leady oxide production.
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The results show that both indicators are potential EnPIs with R2 > 0.6. However, the
SEC is a potentially strong indicator (R2 > 0.8). In any case, the exergy balance can be used
to highlight and quantify the source of inefficiencies detected with the SEC. The results
show that the system operated with an FP of 0.3%.

5. Implementation and Discussion

Based on the results, different saving potentialities were identified in the plant (see
Figure 15).
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Figure 15. Saving potentials identified.

In total, the saving potential of the grid casting machines accounts for 20% of the
natural gas consumption of the section, coinciding with 2.8% of the plant consumption
(i.e., some 0.9% per grid casting system). In this section, improving operational practices
has the highest potential. Moreover, saving potentials in the refining section crucible
account for a low 0.06% of the natural gas consumption of the section, while the ingot
casting system can save 52%. The saving potential in this section accounts for 13.6% of the
natural gas consumption in the plant. Finally, some 2.6% of the natural gas consumption of
the leady oxide production section could be saved in the crucible, which coincides with
0.1% of the plant consumption. Overall, replacing the heating system of ingot casting has
the plant’s highest saving potential.

Initially, measures to improve operational practices and reduce surface heat loss were
implemented in different areas. Other capital-intensive and time-consuming measures
requiring improving or replacing technology, such as improving combustion efficiency
or replacing the ingot casting system, were postponed due to the difficulty in securing
the necessary funding and organizing the processes to reduce the impact on production
because of the time needed to modify or replace technology.

Figure 16 shows the results of implementing the saving measures related to improving
operational practices and surface heat loss in one casting unit in the grid casting section
during 30 shifts (i.e., around 15 days of operation). In this case, the EnPI used is the SEC
defined in Figure 9.

The results show that improving poor operational practices and implementing insula-
tion in the casting units permitted controlling the energy consumption within the control
limits defined during the tests. The FP was reduced from 6.1% to −1.1%, reducing fuel
consumption, fuel costs, and GHG emissions by 6.8% (i.e., monthly savings of 286 m3,
143 USD, and 589 kgCO2eq.). Reducing gas consumption can be realized by expanding the
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saving measures to other grid casting systems. Other improvements can be realized by
improving combustion efficiency.
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tests. In contrast to the baseline, the process operated with an FP of 2.2%, coinciding with 

Figure 16. Results from implementing saving measures in the grid casting section.

Figure 17 shows the results of implementing the saving measures in the refining
sections during 17 batches of lead refining (i.e., around 35 days of operation). In this case,
the insulation was implemented in the crucible, and the time used in laboratory analysis
was monitored. The exergy efficiency EnPI defined in Figure 11 is used in the assessment.
In the event of improving or replacing the ingot casting technology in the future, the EnPI
must be updated since the energy demand in the process will change significantly.
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The results show that they operated within control limits defined in 17 refining batches
implementing saving measures, while two operated at efficiencies under the lower limit.
In these two batches, the use of low-quality scrap was identified, which is unavoidable
on occasion. Additionally, some delays were detected in the laboratory analysis used to
report sampling results during the night shifts. Based on the CUSUM graph, delays were
addressed after each batch, and no other incident was detected during the tests. In contrast
to the baseline, the process operated with an FP of 2.2%, coinciding with savings of 476 m3

of gas (i.e., savings of 4.8%), reducing emissions of GHGs by 981 kgCO2eq.. The costs of
natural gas are reduced by 238 USD. Monthly savings are estimated at 408 m3 of natural
gas (i.e., 204 USD per month) and 841 kgCO2eq..
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Figure 18 shows the results of implementing the saving measures in the leady oxide
powder crucible for 25 days. The SEC defined in Figure 14 was used to assess the crucible
performance.
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The results show that during the implementation of the saving measures, the sys-
tem operated within the control limits. The crucible improved its performance to an
FP of −2.4%, reducing gas consumption by 70 m3 (i.e., 35 USD) and GHG emissions by
144 kgCO2eq.. Monthly savings are estimated at 84 m3 of natural gas (i.e., 42 USD per year)
and 173 kgCO2eq..

In total, saving measures led to savings of 1.2% of the natural gas consumption in the
plant. These savings coincide with the emissions of 1603 kgCO2eq. and a cost of 389 USD
monthly. The operation of crucibles shows a significant gap between systems with higher
residence time and heat recovery systems. Considering the low efficiency of traditional
crucibles (i.e., 7 to 19% [38–40]), up to 60% of the heat lost by radiation can be reduced with
either electric or induction furnaces with efficiencies between 57% and 75% [42,43]; this
could reduce the natural gas demand significantly. Moreover, introducing heat recovery
systems and increasing the residence time of hot gases could increase the efficiency of
current crucibles. Moreover, the ingot casting system should be replaced to potentially
reduce the energy costs of the process between 52 and 79%.

6. Conclusions

The manufacturing of lead-acid batteries is an energy-intensive process, needing
significant amounts of heat. Particularly, grid casting, refining, and leady oxide production
account for over 80% of the heat demand in the plant, which is mainly located on the
crucibles, the grid casting units, and the ingot casting system. The highest saving potentials
are identified in inefficient combustion processes, surface heat loss, and poor operational
practices. Specifically, changing the ingot casting technology could save 13% of the gas
consumption in the plant. Therefore, it is indicated to assess in detail the investment in a
new ingot casting system.

The use of SEC and exergy efficiency indicators allow for effective monitoring and
control of the performance of thermal processes in LAB manufacturing. Implementing
basic saving measures to reduce surface heat loss and avoid poor operational practices
resulted in estimated savings of 1.2% of the total gas consumption. By expanding the
saving measures to the other grid casting units in the plant, savings can be increased to
2.1% of the plant gas consumption. The use of CUSUM within the energy management
system permits the systematization of higher efficiency standards in battery manufacturing.
It is recommended to assess the improvement of the current crucibles or replace them with
electric or induction crucibles, and to replace the ingot casting system.
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