Energy Efficiency

Energy management in the formation of light, starter and ignition lead-acid batteries.

Manuscript Number:
Full Title:

Article Type:
Keywords:

Corresponding Author:

Corresponding Author Secondary
Information:

Corresponding Author's Institution:

Corresponding Author's Secondary
Institution:

First Author:
First Author Secondary Information:

Order of Authors:

Order of Authors Secondary Information:

Funding Information:

Abstract:

Suggested Reviewers:

--Manuscript Draft--

ENEF-D-17-00320

Energy management in the formation of light, starter and ignition lead-acid batteries.
Original Research

Energy management, LSI lead-acid battery, soft sensor, battery formation process

Juan Cabello, Dr
Universidad de la Costa
Barranquilla, Atlantico COLOMBIA

Universidad de la Costa

Juan Jose Cabello, Dr

Juan Jose Cabello, Dr
Alexis Sagastume, Dr
Vladimir Sousa, Dr
Hernan Hernandez, Dr
Milen Balbis, MSc
Jorge Silva, MSc
Eliana Noriega, Ing.

Carlo Vandecasteele, Dr

This paper discusses energy management in the formation process of lead acid
batteries. Battery production and electricity consumption in during battery formation in
a battery plant was analyzed over a 4 year period. The main parameters affecting the
energy performance of battery production were identified and different actions to
improve it were proposed. Furthermore, an Energy Performance Indicator (EnPl),
based on the electricity consumption of battery formation (a difficult and rather
expensive parameter to measure), is introduced to assess its energy efficiency.
Therefore, a Soft Sensor to measure the electricity consumption in real-time (based on
the voltage and current measured during battery formation), and to calculate the EnPI
is developed. Moreover, Energy Management (EM), aided by the use of energy
baselines and control charts is implemented to assess the energy performance of
battery formation, allowing the implementation of rapid corrective actions toward higher
efficiency standards. This resulted on the average in a 4.3% reduction of the electricity
consumption in battery formation.

Julio Gomez

Titular Professor, Universidad de Cienfuegos Carlos Rafael Rodriguez
jgomez@ucf.edu.cu

The professor has many years of experience in Energy Efficiency topics

Patrik Thollander, Dr
Associate Professor, Linpkoping University
patrik.thollander@liu.se

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Dr conducts research in the area of end-use energy efficiency in industry, particularly
towards industrial small and medium-sized enterprises (SMEs)

Antolin Hernandez, Dr
Titular Professor, Universidad de Oviedo

aehernadez@uniovi.es
El profesor ha desarrollado varias investigaciones en temas de Eficiencia Energética

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Title Page

Energy management in the formation of light, starter and ignition lead-acid batteries.

Juan J. Cabello Eras'", Alexis Sagastume Gutiérrez®, Vladimir Sousa Santos!, Hernan Hernandez Herreral, Milen Balbis
Morejon?, Jorge Silva Ortegal, Eliana M. Noriega Angarital, Carlo Vandecasteele?

1: Universidad de la Costa. Calle 50 No 55-66. PBX 336 22 00. Barranquilla. Colombia.

2: Department of Chemical Engineering, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium
*Corresponding author. jcabello2@cuc.edu.co

Abstract:

This paper discusses energy management in the formation process of lead acid batteries. Battery production and electricity
consumption in during battery formation in a battery plant was analyzed over a 4 year period. The main parameters affecting
the energy performance of battery production were identified and different actions to improve it were proposed. Furthermore,
an Energy Performance Indicator (EnPl), based on the electricity consumption of battery formation (a difficult and rather
expensive parameter to measure), is introduced to assess its energy efficiency. Therefore, a Soft Sensor to measure the
electricity consumption in real-time (based on the voltage and current measured during battery formation), and to calculate
the EnPl is developed. Moreover, Energy Management (EM), aided by the use of energy baselines and control charts is
implemented to assess the energy performance of battery formation, allowing the implementation of rapid corrective actions
toward higher efficiency standards. This resulted on the average in a 4.3% reduction of the electricity consumption in battery
formation.
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i Energy management in the formation of light, starter and ignition lead-acid batteries.

5 Abstract:

s This paper discusses energy management in the formation process of lead acid batteries. Battery production and electricity

8 consumption in during battery formation in a battery plant was analyzed over a 4 year period. The main parameters affecting

9 the energy performance of battery production were identified and different actions to improve it were proposed. Furthermore,
10 an Energy Performance Indicator (EnPI), based on the electricity consumption of battery formation (a difficult and rather
1 expensive parameter to measure), is introduced to assess its energy efficiency. Therefore, a Soft Sensor to measure the
12 electricity consumption in real-time (based on the voltage and current measured during battery formation), and to calculate
13 the EnPl is developed. Moreover, Energy Management (EM), aided by the use of energy baselines and control charts is
14 implemented to assess the energy performance of battery formation, allowing the implementation of rapid corrective actions
15 toward higher efficiency standards. This resulted on the average in a 4.3% reduction of the electricity consumption in battery

formation.

16
17 Keywords: Energy management, LSI lead-acid battery, soft sensor, battery formation process
18
19 1. Introduction
20 The energy saving potential of the industrial sector is around 974 million ton of equivalent oil (Fawkes et al., 2016), and
21 energy management (EM) is one of the main approaches to realize it. However, in spite of the positive outcomes of EM in
22 industry (Block et al., 2006; Gielen and Taylor 2009; Palamutcu, 2010; Poscha et al., 2015; Rudberg et al., 2013), there is
23 need for more adequate methods and tools for a more comprehensive assessment of energy efficiency (EE) (Giacone and
24 Manco, 2012; Bunse et al., 2011). In addition, Weinert et al. (2011a) stressed the importance of developing novel energy
gg monitoring methods, to further support decision making towards a more efficient use of energy in production systems.
27 Lead-acid batteries are energy intensive products consuming over their life-cycle large quantities of electricity and fuel
28 (Pavlov, 2011; Report Buyer, 2015; Rydh, 1999; Sullivan and Gaines, 2012). They are widely used in several applications
29 (e.g. in vehicles). However, to the best knowledge of the authors, there are in the specialized literature no studies discussing
30 energy consumption and management of lead-acid battery manufacturing.
g; Lead-acid batteries are classified in Lighting, Starting and Ignition (LSI) batteries (mainly use in the automotive sector),
33 Traction batteries (for electrical vehicles) and Stationary batteries. About 385 million batteries (mostly LSI), accounting for
34 a 41.5 billion USD market value, where marketed in 2010 (Miloloza, 2013).
35 Battery manufacturing requires large amounts of heat and electricity to transform raw materials into the parts and components
36 required in the manufacturing process. Additionally, sizable amounts of electricity are consumed by auxiliary systems (i.e.
37 air compression system, assembly line, etc.) and also in the formation process (first charge of the battery) during the
38 manufacturing (Jung et al., 2015; Pavlov, 2011; Sullivan and Gaines, 2010). Discussing the energy use in lead-acid battery
39 manufacturing, Rantik (1999) showed that about 4.8 MJ of electricity, 1.67 MJ of heat, 0.14 MJ of liquefied petroleum gas
40 (LPG) and 0.10 MJ of oil are used per kg of manufactured battery. The overall energy consumption from raw materials
41 production to finished battery, which depends on the use of either virgin or recycled materials, was estimated in the range of
42 15 to 35 MJ per kg of finished battery. Battery manufacturing uses between 5.8 and 8.9 MJ overall energy per kg of battery
43 (Rydh and Sandén 2005; Sullivan and Gaines 2012) (i.e. between 25 to 38 % of the overall consumption). Reducing the
jg electricity consumption used in battery formation is thus essential towards reaching higher efficiency standards.
46 This paper aims at developing new tools to assess, control and manage the electricity efficiency within EM of the formation
a7 process of LSI lead-acid batteries, based on the assessment of the operational parameters that are usually measured in battery
48 plants and saved in databases.
‘518 2. Battery manufacturing
51 Lead-acid battery manufacturing consists of three steps (Rantik, 1999; Dahodwalla et al., 2000): grid manufacturing, battery
52 assembly and battery formation.
gj Grids for lead-acid batteries are made of a lead alloy and are produced either by lead casting in books molds or by continuous
55 processes like stamping or extruding (Jung et al., 2016). Grid manufacturing mainly consumes heat (usually obtained from
56 LPG or fuel oil) for lead melting and grid curing (Jung et al. 2016).
57 In the assembly process, battery components are assembled together, after which the battery is sealed and ready to receive the
58 electrolyte (sulphuric acid). The main energy input is electricity (Jung et al. 2016).
28 After battery assembly, the formation process initiates. Battery formation is the initial charge of batteries. The electric charge
61 in this process is used to transform the lead alloys in the positive and in the negative grids, into electrochemically active
62 materials through chemicals transformations (Pavlov, 2011).
63
64 1


http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.editorialmanager.com/enef/viewRCResults.aspx?pdf=1&docID=4622&rev=0&fileID=71317&msid={99CE0FB7-82AD-48A9-B607-518259688133}
http://www.editorialmanager.com/enef/viewRCResults.aspx?pdf=1&docID=4622&rev=0&fileID=71317&msid={99CE0FB7-82AD-48A9-B607-518259688133}

O©CO~NOOOTA~AWNPE

Battery formation is essential for adequate battery performance and lifespan (Cope et al., 1999; Thi Minh, 1999; Pavlov et
al., 2000; Petkova and Pavlov, 2003). The formation process consumes large quantities of electricity, accounting for over
50% of the overall electricity consumed during battery manufacturing (Jung et al., 2016).

Battery formation takes place in formation circuits, which include two subcircuits: an AC/DC rectifier and a batch of N
batteries connected in series (Fig. 1).

Subcircuit: AC/DC rectifier

AC/DC Rectifier

Fig. 1. Formation circuit.

The overall electricity consumed during battery formation depends on the number of batteries (N) simultaneously formed in
the circuit, the voltage (Vpc) used in the process and the electric charge (C) required by the battery model.

During battery formation some heat is generated, a cooling system is used to maintain an adequate temperature. Therefore,
during battery formation, the batteries connected in series (i.e. the batch of batteries subcircuit) are placed on cooling tables.

The current and the voltage used in the formation circuit affect both the electricity consumption and the battery performance
and lifespan. Therefore, adequate selection and control of the current and voltage used in the formation circuit is essential for
both the electric efficiency and the quality of the finished battery, aspects directly affecting the economic performance of
battery plants.

Different algorithms are in use to control the current and voltage in the formation process. The Intermittent Charge Regime
(ICR) is the most often used algorithm (Pavlov et al., 2000; Wong et al., 2008). It has two operation modes: constant current
(CC) and intermittent current (IC), which are controlled using five control parameters: three voltage levels (Vini, Vici, Vic2)
and two current levels (lica, lic) (see Fig. 2).

Cl Mode IC Mode
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Fig. 2. ICR algorithm: current and voltage variations.
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With the ICR algorithm, the battery is charged to over 97% of its state-of-charge (SOC) in CC mode. This mode uses a
constant current (CC) and stops when the voltage reach the Vc1 value. Afterwards, the IC mode starts. In this mode, to reduce
inner resistances and thus the temperature of endothermic reactions, the circuit opens when the voltage increases to Vici1. With
the circuit open the voltage starts decreasing until the low control voltage (Vic2) is reached, after which the circuit closes
again. The open-close cycle continues until the battery is fully charged (i.e. 100% of the SOC). Regulated current pulses (lic2)
(with a 30 s period) are used in this mode (Weighall 2003; Wong et al. 2008).

The energy efficiency of battery formation, defined as the ratio between the electricity actually used in the formation of a
batch of batteries and the electricity supplied to the process, mainly depends on: the technology used, the maintenance system,
the operational staff, the operational standards and the power quality in the AC supply network (Kiessling, 1992).

The formation process usually includes a data acquisition system for the real-time measurement of different parameters (i.e.
voltage, current, energy accumulated in batteries, electrolyte temperature in the battery, etc.). These data is usually saved in
a database. The formation process algorithm is, however, specific to each battery model and the main control parameter,
which defines the end of the formation process, is the ampere-hour accumulated in the battery (Chen et al., 1996; Pavlov et
al., 2000).

The electric energy consumed in the formation of a batch of batteries is calculated as (Kiessling, 1992):
Eg =N -Vpc-C (1)

Where:

Eg — Electric energy consumed in the formation of a batch of batteries (Wh)

N — Number of batteries in the batch

Vpbc — Voltage used in battery formation (varies between V iy and Vic1) (V)

C — Electric charge of the battery model (Ah)

As consumption of electricity in battery formation is high and it influences both the production costs and the quality of
finished batteries, it must carefully be controlled (Kiessling, 1992; Jung et al., 2016).

Most of the electricity supplied to battery formation is transformed into chemical energy stored in the battery; the rest is lost
because of the heating resulting from chemical reaction between the grids and the electrolyte, or consumed in the
decomposition of water into oxygen and hydrogen. In addition, some energy is loss because of heating of circuit components
such as wires and connectors. The electricity supplied to the formation process is thus given by:

Er = Esr + ELs + ELwc + Err (2)
where:

Er — Electricity supplied to the formation circuit (Wh)

Esr — Electricity used by batteries in the formation process (Wh)

E.s — Energy loss within batteries during battery formation because of the exothermal chemical reactions that cause heat loss
and the formation of H, and O, (Wh)

ELwc — Energy loss in the wires and connectors of the formation circuit (Wh)

ELr — Energy loss in the AC/DC rectifier (Wh)

Most of ET is used in the batch of batteries subcircuit (EBB) and is given by:

Ess = Egr + Eis + ELwc 3

Esr has a similar value for each battery model, while E, g and E wc depend on the operational factors and the technical state
of the circuit components. Among others, the voltage and current output of the AC/DC rectifier is measured during battery
formation process, to control de ICR algorithm. Based on this measure, the energy used in the batch of batteries subcircuit
(Egs) can be calculated and used to assess the energy losses in the formation of a batch of batteries (Ponce and Moreno, 2015):

Epp = fgtl p(D) -dt= fotl Vpe(t) - Ipc(D) - dt (4)
where:

p(t) — Instant power (W).

Vpc — Voltage in the power line of the battery subcircuit (V).



O©CO~NOOOTA~AWNPE

Ioc— Current in the power line of the battery subcircuit (A).
Given the difficulties to analytically solve equation 4, a numerically method (i.e. the trapezoidal rule) is applied.

Based on the calculation of Egg, an energy performance indicator (EnPl) of battery formation is proposed (i.e. the ratio
between Egg and battery production). Based on the EnPI, which is calculated for each formation process in the database, an
energy baseline (EnB) is developed for each formation circuit. Using both the EnPl and the EnB is possible to assess the real-
time inefficiencies, thus allowing to implement rapid corrective actions toward higher efficiency standards (Cabello et al.,
2016).

In general, directly measuring the electricity consumption in the formation circuits is both expensive and complicated. Thus,
a soft sensor (SS) is developed to calculate to calculate Egs.

3. Soft sensors.

Measuring and monitoring process parameters with adequate instrumentation is essential to control industrial processes, in
order to guarantee optimum and safe operations. However, some parameters are difficult or too expensive to measure. In these
cases, different approaches like SS are used. SSs use process parameters measured with the available instrumentation to
calculate or estimate process parameters to difficult or too expensive to measure.

There are two types of SS:

1. Model-driven: based on mathematical models describing the development of a process. These SS are most widely
applied in the design and planning of industrial process facilities (Kadlec et al., 2009).

2. Data-driven: based on data directly measured in a process describing the real conditions. These SS are most widely
used to monitor, control and improve process performance (Wang et al., 2010).

One main application of SSs in process monitoring is to detect deviations from standard operation, aiding to identify the
causes. For this application, SSs are usually based on univariate or multivariate statistic methods applied to the historic data
of a process to define a relevant set of representative features supporting the process of decision-making (Kadlec et al., 2009).

Data-driven SS use inferential models based on process parameters directly measured. In simple processes, where models are
available or easy to obtain, a regression analysis is often enough (Lin et al., 2007; Kadlec et al., 2009). Moreover, for complex
systems in which the process mechanisms are not fully understood, empirical models (i.e. neuronal networks or multiple
regression analysis) are used to derive the correlation between variables (Wang et al., 2010).

Data-driven SS have been successfully implemented in energy consumption assessment and EM of several technologies and
facilities (Velazquez et al., 2013).

Several applications of SSs to improve the EE of buildings have been described. Thanayankizil et al. (2013) used an SS to
estimate the occupancy rate in rooms of an office building to improve the EE. Li et al. (2014) developed an SS to assess in
real-time, the dynamic cooling load for different reference temperatures in buildings. To assess heat consumption in buildings
at room level, Ploennigs et al. (2011) proposed an SS based on measuring the temperature with a temperature sensor, which
guarantees thermal comfort while optimizing EE and reducing the monitoring costs.

Moreover, some applications to steam boilers have been discussed. Hadid et al. (2014) developed an SS to assess the fuel
consumption in a 750 kW industrial boiler. The SS uses a linear model based on pressure and temperature as control variables
and a Gaussian nonparametric model to calculate the mass flow of gas with a relative error of 3.5%. In a different application,
Qi et al. (2015) developed an SS, based on a predictive control model, to assess and control steam quality of an industrial
boiler, resulting in a reduction of its energy intensity. Moreover, to assess the fuel quality in industrial boilers, Zhao et al.
(2015), and Kortela and Jdmsa-Jounela (2012) developed two SSs, based on operational parameters measured in the exit
gases. Results show that both SSs can be used to optimize the control systems and, thus, the combustion processes.

Some applications have also been developed for electric systems. Zhang et al. (2008) developed an SS to measure significant
parameters that, which cannot be directly measured, to control synchronous generators (e.g. power angle, current of the stator
circuit, etc.). In an application to an electric system, Najar et al. (2015) developed an SS to monitor the thermal performance
of electric transformers and the energy balance between the low and middle voltages in High Voltage (HV)/Middle Voltage
(MD) substations in smart grids. The SS is based on data measured by a smart meter installed in the Low Voltage substation.

Leonow and Monnigmann (2014) replaced an expensive flowmeter used in low-speed radial pumps with a SS to calculate the
flow in real-time. Moreover, Jarvisalo et al. (2016) developed an SS, based on real-time monitoring of the specific energy
consumption, to save electricity in air compressors. Results show that the adequate application of this SS can save energy as
compared to the traditional load/unload control scheme.
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In general, different approaches exist to develop SSs (Hong et al. 1999; Kalos et al., 2003; Warne et al. 2004; Fortuna et al.,
2005; Gomnam and Jazayeri-rad, 2013; Chowdhury et al. 2015). Specifically for batch industrial processes, Kadlec et al.
(2006) proposed the following methodology.

1. Data inspection: a first inspection of data is developed to assess availability, trends and accuracy. Adittionally, a
target variable is defined assessing which regression model is needed (i.e. simple regression model, complex
regression model or neural network).

2. Selecting historical data: focusess on selecting random data, which will be used to develop the model to be used in
the SS.

3. Data pre-processing: iterative step, repeated until the data is considered ready for be use in the evaluation of the
model. It aims at identifying missing data, detection and handling of regular data, selection of the important variables
of the process.

4. Model selection and validation: since mathematical models are cornerstone to SSs, their adequate selection is
essential. Usually the model type and its parameters are specifically selected for each SS. A simple procedure is to
start with simple models (e.g. linear regression) and, if needed, gradually increase model complexity until adequate
results are obtained (Friedman et al., 2001).

After the SS is developed, an evaluation using independent data should be carried out. The Mean Square Error method, which
quantifies the mean square distance between the calculated value and the real value (Schluchter, 2014), is used to this end.

4. Energy management methodology

Energy management entails all the actions to reduce energy consumption and its costs (Vesma, 2009). The successful
implementation of an EM strategy requires the knowledge of the energy consumption and of how, where and when energy is
consumed. In different industrial sectors saving potentials of 10 to 30% of the energy consumption have been identified, with
significant cost reductions associated, frequently without requiring large investments (McKane et al., 2008).

An EM methodology is a systematic approach for continuous improvement of the energy performance, providing an
institutional framework to manage energy consumption and to identify saving opportunities (Worrel, 2011). In companies
without a clear energy policy, the development of energy efficiency projects and the implementation of EM strategies and
tools proved effective to identify and realize energy saving opportunities (Goldberg et al., 2011; Cabello et al., 2016).

ISO 50004 and 50006 (ISO, 2012; 1SO, 2014) offer guidance for the implementation, maintenance and improvement of EM
systems, based on the use of Energy Baselines (EnB) and Energy Performance Indicators (EnPI) as a measure of the energetic
performance. In this study, the procedure defined in the ISO 50001 standard (1SO, 2011) is used as starting point in the EM
methodology developed for the battery formation process:

1. Statistical analysis of the historic database: assess the correlation between electricity consumption and battery
production and propose an effective EnPI.

2. ldentify the main parameters affecting the energy efficiency of battery formation and assess their influence based
on the statistical analysis of the historical database.

3. Develop tools for the real-time monitoring of the electricity consumption in battery formation.
4. Validate and implement the developed tools.
5. ldentify saving opportunities and implement adequate measures to realize them.

5. Case study

The EM methodology (see section 4) is implemented in a battery plant in Barranquilla, Colombia. In this factory, battery
production increased at a yearly average of 14% between 2012 and 2014, and electricity consumption showed a similar trend.
Improving the electric efficiency is essential to reduce the battery production costs.

The formation section consumed about 53% of the overall electricity of the battery plant. There are 204 formation circuits,
which in all cases use the ICR algorithm (see Fig. 1). Each circuit includes a subcircuit for forming a batch of 18 batteries. In
total, the formation of a batch of batteries takes18 to 26 hours. The batch of batteries is placed on 12 cooling tables (18 circuits
per table). The formation section operates 24 hours 7 days a week, with short stops for cleaning and maintenance. Overall,
168 battery models, with capacities varying between 160 to 735 Ah, are produced in the plant.

5.1 Energy efficiency assessment.

The energy efficiency assessment (step 1 of the EM methodology) is conducted using production data from July 2014 and
July 2015.
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Given the significant differences between the capacity and size of the different battery models manufactured in the plant, the
concept of equivalent production, introduced by 1SO (2014) is applied, introducing the equivalent battery production (Peg-b):

Peg-b = P ky (5)
where:

P — Battery production (units)

ky» — Battery capacity coefficient

The battery capacity coefficient is calculated as:

kp = —> (6)

Cbmin

where:
Cy— Capacity of the battery model (Ah)
Comin — Capacity of the smallest battery (Ah)

In this case, the EnPI proposed to assess the formation of each batch of batteries is:

EnPl = BB 7

Peq—b
This EnPl is useful to assess the EE of each batch of batteries formed, independently of the battery model. Moreover, it can
be used for comparative studies to define the parameters affecting the EE.

Between July 2014 and July 2015 there are 55,000 formation batches (of 18 batteries each, for 168 models) in the database.
A random sample of 2,902 batches, for a 98% confidence interval, is used to develop the EM tools. The EnPI was individually
calculated for each of the selected batches.

To avoid the influence of outliers, the data is sieved using the Hampel identifier method which apply the median absolute
deviation from the median (MAD), as also applied by Lin et al. (2007):

MAD = 1.4826 - Mk (8)
with:
Mk = median{X; — X*, X, — X, ..., X, — X"} 9)

n — Number of data points

Xi.24...n — Raw data points

X* = median{Xy, X,, ..., X,,} (10)

The out of the range data (X < (X — MAD), X > (X + MAD)) is identified as an outlier and removed from the dataset.

Figure 3 shows the dataset analyzed. In total, 68 outliers were identified (i.e. 2.3 % of the sample data). The outliers, in
agreement with Kadlec et al. (2009), mainly resulting from sensor malfunctioning.
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Fig. 3.Results of the outliers identification process.

Figure 4 shows that, as expected, the electricity consumed in the formation of each batch of batteries is proportional
(correlation: R?=0.99) to the number of equivalent batteries.
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Fig. 4.Linear regression analysis: Electricity consumption per batch vs. Equivalent batteries per batch.
5.2. Parameters affecting the energy efficiency of battery formation.

To identify saving opportunities to improve the EE of battery formation, the main parameters affecting electricity consumption
must be identified. To this end, several interviews were conducted with the operational staff of the formation section. In
addition, a literature review and a technical assessment of the formation process were carried out. Results are summarized in
a fishbone diagram (Fig. ).



O©CO~NOOOTA~AWNPE

Technology Poor

maintenance

Electric power

quality Formation Technical condition
Electricity temperature of the formation
transformer Voltage circuits
oscillations

»l Low energy efficiency

of battery formation

Poor Poor
operational Apervision

standards \
No assessment

Working of energy
conditions \ efficiency
Staff
training

Staff issues

Fig. 5. Parameters affecting the energy efficiency of the battery formation process.
5.3 Influence of technology on the EnPl.

To assess the influence of technical conditions of the formation circuit on the energy efficiency of battery formation, the EnPI
of more than 55.000 processes registered from July 2014 to June 2015 was calculated (for 204 formation circuits).

The tests of Bartlett to variance verification was applied to assess whether or not the standard deviations of the sets of EnPI
values corresponding to the different circuits differed significantly. Results showed, that there were no significant differences
(at the 95% confidence level) between the standard deviation of the sets of EnPI of the different circuits. Moreover, to evaluate
if there were significant differences between the mean values of the sets of EnPIl of the different circuits, Fisher’s least
significant difference (LSD) test was applied. Results showed, that there were some differences (95 % confidence level)
between the mean EnPI values: 8 circuits had a significantly lower EnPI value (better performance) and 7 circuits with had
a significantly higher EnPI value (poorer performance) than the average. A detailed electricity review in each circuits to
identify the factors causing the differences was carried out for each circuit.

5.4. Influence of the operational staff on the EnPlI.

The formation section operates 24/7 with five teams of operational staff working in 12 h shifts (two teams per day) and 36
hours a week. The 12 hours shifts are organized starting at 5 am and at 5 pm, respectively.

Each team includes one supervisor, who oversees the operational practices during the setting of the batches of batteries in the
circuits, prior to the start of battery formation.

The main parameters affecting battery formation are the duration of the process, which affects the fatigue of the staff, and the
supervisor, who influences the operational practices of the operational team. Therefore, based on the database information, a
statistical analysis was carried out to highlight the influence of both parameters on the EnPl. Both parameters are included in
the database of the process. For the statistical assessment was considered one year of data (July 2014 and June 2015), with
55,500 formation processes included, during which no changes of supervisor occurred. Additionally, the formation processes
were organized in four groups according to their starting hour:

e 5amto1lam
e 1lamto5pm
e 5pmtollpm
e 1lpmto5am
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The same statistical approach used in section 5.3, is used here. The test of variance verification was applied, to assess the
differences in the standard deviation of the sets of EnPI values corresponding to each supervisor, thus, establishing if the data
sets are comparable between each other. Results showed that there are no significant differences (at 95% confidence level),
between the standard deviation of the sets of EnPI values. Moreover, to evaluate if there are significant differences between
the mean values of the sets of EnPI values corresponding to each supervisor Fisher’s LSD test was applied. Results showed
significant differences (95% confidence) between the mean EnPI values. From these results, it can be concluded that the
supervisor and the starting hour of battery formation influences the EnPl.

5.5. Saving opportunities

The circuits identified in section 5.3, with the lowest and highest EnPI values were evaluated in detail to identify the causes
of inefficiencies in the formation section. To this end, the energy loss in the connection lines and in the wires and connectors
of the battery batch subcircuit was measured. Each measure was repeated 10 times on each of the circuits selected for the
assessment.

To compare on the same basis, the measurements in the different circuits were carried out during the formation of the same
battery model. Results showed that the average energy loss between the best and the worst formation circuit differ by about
3 kWh. This difference results from the use of wires and connectors in poor technical conditions on the worst circuits, which
is confirmed by a thermographic assessment of the formation circuits. Error! Reference source not found. presents the
thermographic assessment of one circuit. This shows that wires and connectors in good technical conditions operate at around
45°C, while the ones in poor technical conditions operate at temperatures up to 94.8°C (see figure 6). Therefore, wires and
connectors in poor technical conditions increase the electrical resistance in the circuit increasing the electricity consumption
of battery formation. This points to significant saving opportunities requiring the implementation of different measures:

v" Assess regularly the formation circuits.
Establish a procedure to certify the technical condition of wires and connectors.
Clean the surface of connectors before using them in the formation process.

v
v
v" Improve the maintenance system of the formation circuits to avoid inefficiencies on wires and connectors.
v" Redesign connectors

v

Establish 8 h work shifts instead of the actual 12 h work shifts.
o - . [ 94.8°C

/

$ o - \\.ﬂ ('44’ }'. ¥ ]
S o e Yo T
I .r.“: S AL o
y wa TN {500
R NED Ay \ fi o
i ‘1

s 5 4 » gt & || _ Connector at
46.3 °C

Connector at
94.8 °C

Connector
at 73.5 °C

— 28.5°C

Fig. 6. Thermographic assessment of a battery batch subcircuit.

Another source of inefficiencies is detected in the voltage used in the formation process, which averages 17.6 V (i.e. higher
than the maximum of 16 V recommended for this process (Kiessling 1992; Prout 1993; Pavlov 2011)). From equation 3, the
electricity consumed is directly proportional to both, the voltage (V) and the electric current (A). As the formation algorithm
operates at constant current and the internal resistance of the batteries is almost constant for batteries in the batch, the use of

9
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higher voltages results in higher electricity consumption. Aside from the energy loss, the excess of electricity consumed
increases the production of Hz and O (IEC 60095-1: 2000; Pavlov, 2011), the output voltage of the transformers was adjusted
to the minimum possible (16.4 V), which is closer to the recommended value.

6. Energy management tools

Assessing the EnPl of the battery formation section is the first step towards the development of EM tools. Figure 7 shows the
correlation between the monthly electricity consumption and the monthly equivalent batteries produced of the formation
section (with data from 2012 to 2015). From the correlation is obtained the monthly EnB of the formation section is obtained.

¢+ 2011 + 2012 w2013 x2014 e 2015
525

475 - EnB = 0.0022-Peqs + 33.516 :
R?=0.9788 2

425 -

375

325

Electricity consumption (MWh/month)

275 + T T T
120,000 140,000 160,000 180,000 200,000
Equivalent battery production (Peg-b/month)

Fig. 7. Monthly EnB of the formation section.

The high correlation (R?=0.97) obtained for the EnB, proves the usefulness of the EnPI. Furthermore, the EnB obtained is
useful to forecast the monthly electricity consumption of the formation section and, thus, to assess its overall electricity
performance.

A tool for the control of the electricity consumption in the formation section at circuit level is needed. On the one hand,
because of the differences in the technical state of the different formation circuits, which influences the EnPl of battery
formation. On the other hand, because the formation circuits are used on a daily basis so that rapid corrective action is
necessary to reduce the electricity consumption. Figure 8 shows an example of the control tools developed to assess the
electricity consumption at circuit level for each batch, for two specific circuits.

— Circuit6 === Circuit 150 —Circuit 6 ——Circuit 150
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[
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100 -
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EnPI (kWh/Peg-b)
]
w
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0 ! . . . . . . . | 2.15 - . . . . . . . . |
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Equivalent battery production (Peq-b) Equivalent battery production (Peq-b)
(a) (b)

Fig. 8. Energy management tools for two formation circuits.

These tools allow rapid detection of inefficiencies at circuit level. Additionally, they can detect the malfunctioning of the
sensors used to control the ICR algorithm.

Similarly, for the rapid detection of malpractices and issues associated with the operational staff, control graphics are
developed to assess the trends of the EnPI of the operational staff (see figure 9)

10
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Fig. 9. Energy management tool for the operational staff teams.

The figure shows EnB and the control graph constructed for the supervisor whose processes of formation were developed
with better energy efficiency. These tools are used to assess the electricity consumption efficiency associated with the different
work teams, permitting the rapid detection of negative trends of the EnPI associated with to malpractices of the employees.

6.1. Soft sensor for battery formation.

There are 204 formation circuits in the formation section. Given that measuring devices for the real-time monitoring of the
electricity consumption in each circuit are both expensive and complicated, a SS is developed, based on the different
parameters measured in real-time to control the ICR algorithm. The SS is designed to calculate the electricity consumption
and the EnPI of the formation circuits. The methodology described in section 2 is used to develop the SS, which is validated
using the approach of Qi et al. (2015). This approach is based on direct measurement of the parameter to be calculated by the
SS, and compatres its dispersion with respect the values measured by the hard sensors.

A power quality analyzer is used to directly measure the electricity consumption in the formation process of 170 batches for
5 different battery models in 17 formation circuits. For these batches, the electricity consumption is also measured with the
SS. The results are compared in a scatter plot (figure 10).
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Electricity consumption from SS (kwh)

Fig. 10. Scatter plot: Power quality analyzer measures vs. SS measures.

Results show a strong linear correlation (R? = 0.99) between the measures with the power quality analyzer and the SS
estimated value. The mean absolute error is 1.55 with a standard deviation of 1.93. These results validate the accuracy of the
SS to measure the electricity consumption in the formation circuits.

7. Implementation of the EM tools

11
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The EM actions of the proposed methodology were applied in the formation section, starting in January 2016, during 6

months. Results showed a reduction of the electricity consumption during this period.

The EM procedure, developed to implement the EM tools in the battery formation section is shown in figure 11. The developed

tools are applied at two levels: plant level and section level.

Plant management i

Start of the formation process ‘

Control system: Direct real-time measurement of
control parameters (electric current, voltage, etc.)

v

consumption

SS: Indirect real-time calculation of electricity

Section management y

‘ End of the formation process ‘

Y

Database

A

formation circuit

End of the
month

Plant management:
Monthly check of the
electricity consumption

Constant or

decreasing
trend Statistic trend
analysis of
EnPI

(iError! No se

=

Increasing trend
Administrative
actions/investments

SS: Total electricity consumption of the

v

Calculate EnPI of the
formation process

No

Statistic trend
analysis of EnP|
(iError! No se

Increasing trend

¥

Yes

Check/calibrate
measurement
equipment

Constant or

Check technical
conditions of wires

and connectors

Good technical
conditions

Yes
v

decreasing trend ®

s Repair/replace wires
and connectors.

e Check and correct
operational practices

Fig. 11. EM methodology of the battery formation section.

Considering the trend analysis of the monthly average (EnPlaver, See figure 12) of the formation process, the electricity

consumption is assessed on a monthly basis, in the general meeting of the plant management. Based on the trends (increasing,
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constant or decreasing) the plant management decides which actions/investments are needed to improve or maintain the
energetic performance of the formation section.

Fig. 1 shows the monthly electricity consumption from 2011 to 2016. The results of implementation of the EM tools,
developed in section 6, to the formation section are compared with the previous performance of the section.
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Fig. 12. Monthly electricity consumption of the battery formation section

Results show that regardless of the increasing trend of both, the battery production and the electricity consumption, the energy
performance of section improved as a result of the implementation of the EM tools. Table 1 shows the results of the
implementation.

Table 1. Production parameters of the formation section during the EM tools implementation, year 2016.

Month Battery Peg-b EC: EC: Electricity | Electricity
Production EnB Measured Saving saving
(MWh) (MWh) (MWh) (%)

January 113,693 | 204,994 484.5 467.2 17.2 3.6
February 105,971 | 201,604 477.0 455.8 21.2 4.4
March 109,503 | 217,982 5131 494.4 18.7 3.6
April 121,108 | 214,352 505.1 484.0 21.1 4.2
May 100,242 | 211,275 498.3 475.6 22.7 4.5
June 938,40| 195,613 463.9 438.7 25.1 5.4
Total 644,357 | 1,245820| 2,941.9 2,815.8 126.1 4.3

* EC — Electricity consumption

Comparing the electricity consumption during the implementation of the EM tools (EC: Measured) to the EnB predictions
(EC: EnB) shows an average reduction of the electricity consumption of the formation section by 4.3% (varying between 3.6
and 5.4%). In total, a reduction of 126 MWh as compared to the EnB was achieved during the 6 months implementation
period (with monthly reductions of 17 to 25 MWh). This shows that the EM tools improved energetic performance of battery
formation, reducing the production costs. However, there are other improvement opportunities as shown in figure 13 for two
of the formation circuits.
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Fig. 13. EnPI of the formation batches in circuits 6 and 15 for 2016.

In both circuits, the variability of the EnPI during the formation of different batches of the same battery model, points to
further saving opportunities. In future studies the AC/DC rectifiers must be included in the assessment, to identify the energy
losses associated to this component.

8. Conclusions

The formation process accounts for over half of the electricity consumption in the manufacturing of lead acid batteries. The
EM methodology proposed in this study is based on a SS, which is a cost effective alternative to measure the electricity
consumption of battery formation. This methodology permits to rapidly detect inefficiencies in the formation circuits, related
with either the technical condition of the formation circuits or the operational staff. The proposed EnPI permits to assess the
energetic performance of battery formation at both, the formation section and the plant management level.

Results show that although the plant overall electricity consumption increased as a result of the increasing battery production,
the specific consumption per battery was reduced, thus improving the energetic performance of the plant. In total, the
implementation of the EM methodology resulted in an average reduction of the electricity consumption of the formation
section of 4.3% for the 6 month period assessed.

References

Alabbasi, A., Rezki, Z., Shihada, B., (2014). Energy efficient scheme for cognitive radios utilizing soft sensing. IEEE Wireless
Communications and Networking Conference (WCNC),701-706.

Backlund, S., Thollander, P., Palm, J., Ottosson, M. (2012). Extending the energy efficiency gap. Energy Policy,51, 392-396.

Block, L., Larsen, A., Togeby, M. (2006). Empirical analysis of energy management in Danish Industry. Journal of Cleaner
Production, 14(5), 516-526.

Bunse, K., Vodicka, M., Schonsleben, P., Brilhart, M., Ernst, F.(2011). Integrating energy efficiency performance in
production management e gap analysis between industrial needs and scientific literature. Journal of Cleaner Production. 19
(6), 667-679.

Cabello, J., Santos, V, Gutiérrez, A., Alvarez Guerra, M., Haeseldonckx, D., Vandecasteele, C. (2016). Tools to improve
forecasting and control of the electricity consumption in hotels. Journal of Cleaner Production. 137(20), 803-812.

Chen, H., Wei, Y., Luo, Y., Duan, S. (1996). Study and application of several-step tank formation of lead/acid battery
plates. Journal of power sources. 59(1), 59-62.

Chowdhury, A. (2015). How Soft Sensing Using Simulation Enhances Plant Process Management. Resource document.
Cognizant 20-20 Insights. https://www.cognizant.com/whitepapers/how-soft-sensing-using-simulation-enhances-plant-
process-management-codex1186.pdf . August 2016.

Cope, R. C., Podrazhansky, Y. (1999). The art of battery charging. Battery Conference on Applications and Advances,. The
Fourteenth Annual. Long Beach, CA, USA, 233-235.

Dahodwalla, H., Herat, S. (2000). Cleaner production options for lead-acid battery manufacturing industry. Journal of Cleaner
Production. 8(2), 133-142.

14


http://www.sciencedirect.com/science/article/pii/S0959652605000855
http://www.sciencedirect.com/science/article/pii/S0959652605000855
http://www.sciencedirect.com/science/article/pii/S0959652605000855
http://www.sciencedirect.com/science/journal/09596526
http://www.sciencedirect.com/science/journal/09596526
http://www.sciencedirect.com/science/journal/09596526/14/5
https://www.cognizant.com/whitepapers/how-soft-sensing-using-simulation-enhances-plant-process-management-codex1186.pdf
https://www.cognizant.com/whitepapers/how-soft-sensing-using-simulation-enhances-plant-process-management-codex1186.pdf

O©CO~NOOOTA~AWNPE

Fawkes, S., Oung, K., Thorpe, D. (2016). Best Practices and Case Studies for Industrial Energy Efficiency Improvement. An
Introduction for Policy Makers. Source of document. Copenhagen Centre on Energy Efficiency and United Nations
Environment Programme (UNEP). Copenhagen. http://www.unepdtu.
org/media/Sites/energyefficiencycentre/Publications/C2E2%20Publications/Best-Practises-for-industrialal-EE_web.ashx?
la=da. August 2016 .

Fortuna, L., Graziani, S., Xibilia, M.G. (2005). Soft sensors for product quality monitoring in debutanizer distillation
columns. Control Engineering Practice. 13(4), 499-508.

Friedman, J., Hastie, T., Tibshirani, R.(2001). The elements of statistical learning (Vol. 1). Springer, Berlin: Springer series
in statistics.

Giacone, E., Manco, S. (2012). Energy efficiency measurement in industrial processes. Energy 38(1), 331-345
Gielen, D., Taylor P. (2009). Indicators for industrial energy efficiency in India. Energy. 34(8), 962-969.

Goldberg, A., Reinaud, J., Taylor, R. (2011). Promotion Systems and Incentives for Adoption of Energy Management Systems
in Industry. Source of document. Institute for Industrial Productivity, Washington, DC, United States.
http://www.iipnetwork.org/11P-6.%20PromotionSystemsEnMSChinal.pdf. September 2016.

Gomnam, E., Jazayeri-rad, H. (2013). Development of an adaptive soft sensor based on FCMILSSVR. International Journal
of Scientific & Technology Research. 2(2), 199-203.

Schluchter, M.D. (2014). Mean Square Error. Wiley StatsRef: Statistics Reference Online. DOI:
10.1002/9781118445112.stat05906.

Dodge, Y. (2008). The concise encyclopedia of statistics. Springer-Verlag. New York. United States.

Hadid,B., Ouvrad, R., Le Brusquet, L., Poinot, T., Etien, E., Sicard, F., Grau, A. (2014). Design low cost sensors for industrial
process energy consumption measurement. Application to the gas flow consumed by a boiler. In B Hadid (Ed). Sensing
Technology: Current Status and Future Trends IV.( pp 24-46). Springer-Verlag. New York. United States.

Hong, S.J., Jung, J.H., Han, C. (1999). A design methodology of a soft sensor based on local models. Computers & Chemical
Engineering. 23(1), S351-S354.

I1SO. 2011. 50001. (2011).Energy management systems--Requirements with guidance for use. International Organization for
Standardization.

I1SO. 2012. 50004. (2012). Energy management systems — Guidance for the implementation, maintenance and improvement
of an energy management system. International Organization for Standardization.

I1SO. 2014. 50006. (2014). Energy management systems. Measuring energy performance using energy baselines (EnB) and
energy performance indicators (EnPl). General principles and guidance. International Organization for Standardization.

IEC 60095-1. (2000). Lead-acid starter batteries—part |: General requirements and methods of test.

Jérvisalo, M., Ahonen, T., Ahola, J., Kosonen, A., Niemeld, M. (2016). Soft-sensor-based flow rate and specific energy
estimation of industrial variable-speed-driven twin rotary screw compressor. IEEE Transactions on Industrial
Electronics. 63(5), 3282-3289.

Jung, J., Zhang, L., Zhang, J. (2016). Lead-acid Battery technologies. Fundamentals, materials, and applications. CRC Press.
Taylor & Francis Group. New York.

Kadlec, P., Gabrys, B., Strandt, S. (2009). Data-driven soft sensors in the process industry. Computers & Chemical
Engineering. 33(4), 795-814.

Kalos, A., Kordon, A., Smits, G., Werkmeister, S. (2003). Hybrid model development methodology for industrial soft sensors.
In American Control Conference, 2003. Proceedings of the 2003 (Vol. 6, pp. 5417-5422). IEEE. Denver, United States.

Kaneko, H., Funatsu, K. (2016). Preparation of comprehensive data from huge data sets for predictive soft sensors.
Chemometrics and Intelligent Laboratory Systems. 153, 75-81.

Kiessling, R. (1992) . Lead acid battery formation techniques. Source of document. Digatron Firing Circuits.
http://www.digatron.com/fileadmin/pdf/lead acid.pdf . August 2011.

Kortela, J., Jdmsé-Jounela, S. L. (2012). Fuel-quality soft sensor using the dynamic superheater model for control strategy
improvement of the BioPower 5 CHP plant. International Journal of Electrical Power & Energy Systems. 42(1), 38-48.

15


http://www.unepdtu/
http://www.iipnetwork.org/IIP-6.%20PromotionSystemsEnMSChina1.pdf
https://link.springer.com/book/10.1007/978-3-319-12898-6
https://link.springer.com/book/10.1007/978-3-319-12898-6
http://www.digatron.com/fileadmin/pdf/lead_acid.pdf

O©CO~NOOOTA~AWNPE

Leonow, S., M6nnigmann, M. (2014). Automatic controller tuning for soft sensor based flow rate control. The International
Federation of Automatic Control Proceedings Volumes. 47, 5229-5234.

Li, Z., Luan, X., Liu, T., Jin, B., Zhang, Y. (2014). Room Cooling Load Calculation Based on Soft Sensing. In International
Conference on Life System Modeling and Simulation and International Conference on Intelligent Computing for Sustainable
Energy and Environment. (331-341). Springer Berlin Heidelberg. Berlin, Germany.

Lin, B., Recke, B., Knudsen, J.K., Jgrgensen, S.B. (2007). A systematic approach for soft sensor development. Computers &
chemical engineering. 31(5), 419-425.

Liu, J. (2016). Developing a soft sensor with online variable reselection for unobserved multi-mode operations. Journal of
Process Control. 42, 90-103.

Lu, B., Durocher, D., Stemper, D. (2008). Online and nonintrusive continuous motor energy and condition monitoring in
process industries. Pulp and Paper Industry Technical Conference, 2008. PPIC 2008. Source of document. Conference Record
of 2008 54th Annual. . http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4585821. August 2016.

Mansano, R., Rodrigues, E., Oliveira, T., Godoy, E.P. (2014) . A soft sensor for energy efficient application of wireless
networked control systems. IECON 2014-40th Annual Conference of the IEEE Industrial Electronics Society. 4738-4744.

Marwell, E., Finger, E., Sands, E. (1981) . Curtis Battery Book 1. Souce of document. Curtis Instruments SA.
http://evbatterymonitoring.com/WebHelp/Battery Book.htm#Section_3.htm . September 2016.

McAvoy, T., 1992. Contemplative stance for chemical process control. Automatic. 28(2), 441-442.

McElroy, L., Bao, J., Yang, R.Y., Yu, A.B. (2009). Soft-sensors for prediction of impact energy in horizontal rotating
drums. Powder Technology. 195(3), 177-183.

McKane, A., Scheihing, P., Williams, R. (2008). Certifying industrial energy efficiency performance: aligning management,
measurement, and practice to create market value. Source of document. Lawrence Berkeley National Laboratory.
http://aceee.org/files/proceedings/2007/data/papers/56_5_049.pdf. September 2016.

Miloloza, I. (2013). Tendencies of development of global battery market with emphasis on republic of Croatia.
Interdisciplinary Description of Complex Systems. 11(3), 318-333.

Najar, S., Tissier, J., Etien, E., Cauet, E. (2015) . Soft sensor for distribution transformers: thermal and electrical models.
Sorce of document. 23rd International Conference on Electricity Distribution. CIRED 2015. Lyon, France.
http://cired.net/publications/cired2015/papers/CIRED2015 0419 final.pdf . October 2016.

Palamutcu, S. (2010). Electric energy consumption in the cotton textile processing stages. Energy. 35(7), 2945-2952.

Pavlov, D. (2011). Lead-acid batteries: Science and technology. A handbook of lead-acid battery technology and its Influence
on the product (1st Ed). Amsterdam. Elsevier.

Pavlov, D., Petkova, G., Dimitrov, M., Shiomi, M., Tsubota, M. (2000) . Influence of fast charge on the life cycle of positive
lead—acid battery plates. Journal of power sources. 87(1), 39-56.

Petkova, G., Pavlov, D. (2003). Influence of charge mode on the capacity and cycle life of lead—-acid battery negative
plates. Journal of power sources. 113(2), 355-362.

Ploennigs, J., Ahmed, A., Hensel, B., Stack, P., Menzel, K. (2011). Virtual sensors for estimation of energy consumption and
thermal comfort in buildings with underfloor heating. Advanced Engineering Informatics. 25(4), 688-698.

Ponce, M., Moreno, E. (2015). Alternative definitions of energy for power meters in non-sinusoidal systems. International
Journal of Electrical Power & Energy Systems. 64, 1206-1213.

Poscha, A., Brudermann, T., Braschela, N., Gabriel, M. (2015). Strategic energy management in energy-intensive enterprises:
a quantitative analysis of relevant factors in the Austrian paper and pulp industry. Journal of Cleaner Production. 90, 291
299.

Prout, L. (1993). Aspects of lead/acid battery technology 4. Plate formation. Journal of power sources. 41(1), 195-219.

Qi, F., Shukeir, E., Kadali, R., 2015. Model Predictive Control of Once Through Steam Generator Steam Quality. IFAC-
Papers on Line. 48, 716-721.

Rantik, M. (1999). Life cycle assessment of five batteries for electric vehicles under different charging regimes. KFB —
Kommunikations forsknings-beredningen. Stockholm.

16


file:///E:/Users/jcabello2/Barranquilla/Articulos/Articulo%20Willard/Para%20Springer/Pulp%20and%20Paper%20Industry%20Technical%20Conference,%202008.%20PPIC%202008.%20Source%20of%20document.%20Conference%20Record%20of%202008%2054th%20Annual
file:///E:/Users/jcabello2/Barranquilla/Articulos/Articulo%20Willard/Para%20Springer/Pulp%20and%20Paper%20Industry%20Technical%20Conference,%202008.%20PPIC%202008.%20Source%20of%20document.%20Conference%20Record%20of%202008%2054th%20Annual
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4585821
http://evbatterymonitoring.com/WebHelp/Battery_Book.htm
http://evbatterymonitoring.com/WebHelp/Battery_Book.htm#Section_3.htm
http://aceee.org/files/proceedings/2007/data/papers/56_5_049.pdf
http://cired.net/publications/cired2015/papers/CIRED2015_0419_final.pdf
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/article/pii/S0959652614012244
http://www.sciencedirect.com/science/journal/09596526
http://www.sciencedirect.com/science/journal/09596526/90/supp/C

O©CO~NOOOTA~AWNPE

Report Buyer Ltd., (2015). Global and China Lead-acid Battery Industry Report, 2015-2018. Source of document. Battery
Industry Report. https://www.reportbuyer.com/product/3548160/global-and-china-lead-acid-battery-industry-report-2015-
2018.html. July 2016.

Rydh, C.J.,(1999). Environmental assessment of vanadium redox and lead-acid batteries for stationary energy storage. Journal
of power sources. 80, 21-29.

Rydh, C.J., Sandén, B.A. (2005). Energy analysis of batteries in photovoltaic systems. Part |: Performance and energy
requirements. Energy Conversion and Management. 46(11), 1957-1979.

Rudberg, M., Waldemarsson, M., Lidestam, H. (2013). Strategic perspectives on energy management: A case study in the
process industry. Applied Energy. 104, 487-496.

Sligkovi¢, D., Grbi¢, R., Hocenski, Z. (2012). Methods for plant data-based process modeling in soft-sensor
development. Automatika. 52(4), 306-318.

Sullivan, J.L., Gaines, L. 2010. A review of battery life-cycle analysis: state of knowledge and critical needs (No.
ANL/ESD/10-7). Sourece of document. Argonne National Laboratory (ANL). https://greet.es.anl.gov/publication-
batteries_lIca. September 2016.

Sullivan, J. L., Gaines, L. (2012) . Status of life cycle inventories for batteries. Energy Conversion and Management. 58, 134-
148.

Thanayankizil, L. V., Ghai, S. K., Chakraborty, D., Seetharam, D.P. (2012). Softgreen: Towards energy management of green
office buildings with soft sensors. Sorce of document. Fourth International Conference on Communication Systems and
Networks (COMSNETS 2012). IEEE. Bangalore, India. https://pdfs.semanticscholar.org/
3665/f7955f5cab8d65bc1d11be81a6b1969d9bfa.pdf . July 2016.

Thi Minh, N. (2009). Lead acid batteries in extreme conditions: accelerated charge, maintaining the charge with imposed low
current, polarity inversions introducing non-conventional charge methods. Doctoral dissertation. Source of document.
Université  Montpellier 11-Sciences et Techniques du Languedoc. France. https://tel.archives-ouvertes.fr/tel-
00443615/document . September 2016.

Vesma, V. (2009). Energy Management Principles and Practice. Sorce of document.British Standards Institution.
http://group.skanska.com/globalassets/sustainability/environmental-responsibility/energy/energy-management-bip2187.pdf.
August 2016.

Wang, D., Liu, J., Srinivasan, R. (2010). Data-driven soft sensor approach for quality prediction in a refining process. IEEE
Transactions on Industrial Informatics. 6(1), 11-17.

Warne, K., Prasad, G., Rezvani, S., Maguire, L. (2004). Statistical and computational intelligence techniques for inferential
model development: a comparative evaluation and a novel proposition for fusion. Engineering Applications of Artificial
Intelligence. 17(8), 871-885.

Weighall, M.J. (2003). Techniques for jar formation of valve-regulated lead—acid batteries. Journal of power sources. 116(1),
219-231.

Weinert, N., Chiotellis, S., Seliger, G. (2011). Methodology for planning and operating energy-efficient production systems.
CIRP Annals - Manufacturing Technology. 60(1), 41-44.

Wong, Y.S., Hurley, W.G. Wolfle, W.H. (2008). Charge regimes for valve-regulated lead-acid batteries: Performance
overview inclusive of temperature compensation. Journal of Power Sources. 183(2), 783-791.

Worrell, E., 2011. Barriers to energy efficiency: International case studies on successful barrier removal. Development Policy,
statistics and research branch. Source of document. United Nations Industrial Development Organization, 1-19. .
http://dspace.library.uu.nl/handle/1874/250419 August 2016.

Zeng, Z., Wang, J. (2010). Soft Sensor Modeling of Ball Mill Load via Principal Component Analysis and Support Vector
Machines. In Zeng, Z., Wang, J. (Eds), Advances in Neural Network Research and Applications. Springer-Verlag Berlin
Heidelberg, Germany, pp 803-810.

Zhang, K., Dai, X., Zhang, G., Ma, C. (2008). Left-inversion soft-sensing method for a class of nonlinear DAE sub-systems.
In Intelligent Control and Automation, 2008. WCICA 2008. 7th World Congress on (pp. 5651-5656). IEEE. Chongging,
China.

Zhanpei L., Xinyuan L., Tingzhang, L., Biyao, J., Yingqi, Z. (2014). Room Cooling Load Calculation Based on Soft Sensing.
In: Minrui F., Chen P., Zhou, S., Yang, S, Qinglong, H (Eds). Springer-Verlag Berlin Heidelberg, Germany, pp 331 — 341.

17


https://www.reportbuyer.com/product/3548160/global-and-china-lead-acid-battery-industry-report-2015-2018.html
https://www.reportbuyer.com/product/3548160/global-and-china-lead-acid-battery-industry-report-2015-2018.html
https://greet.es.anl.gov/publication-batteries_lca
https://greet.es.anl.gov/publication-batteries_lca
https://pdfs.semanticscholar.org/%203665/f7955f5cab8d65bc1d11be81a6b1969d9bfa.pdf
https://pdfs.semanticscholar.org/%203665/f7955f5cab8d65bc1d11be81a6b1969d9bfa.pdf
https://tel.archives-ouvertes.fr/tel-00443615/document
https://tel.archives-ouvertes.fr/tel-00443615/document
http://group.skanska.com/globalassets/sustainability/environmental-responsibility/energy/energy-management-bip2187.pdf
http://dspace.library.uu.nl/handle/1874/250419
http://link.springer.com/book/10.1007/978-3-642-12990-2
http://link.springer.com/search?facet-creator=%22Minrui+Fei%22
http://link.springer.com/search?facet-creator=%22Chen+Peng%22
http://link.springer.com/search?facet-creator=%22Zhou+Su%22
http://link.springer.com/search?facet-creator=%22Yang+Song%22
http://link.springer.com/search?facet-creator=%22Qinglong+Han%22

O©CO~NOOOTA~AWNPE

Zhao, Z., Zeng, D., Hub, Y., Gaob, S. (2015). Soft sensing of coal quality. Thermal Science. 19(1), 231-242.

18



Figure Click here to download Figure Figure 1.JPG =

Subcircuit: AC/DC rectifier
AC/DC Rectifier

I
M
0-0


http://www.editorialmanager.com/enef/download.aspx?id=71189&guid=8f3e4917-5aa3-4da5-a6c1-8790f54844e4&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71189&guid=8f3e4917-5aa3-4da5-a6c1-8790f54844e4&scheme=1

Click here to download Figure Figure 2.JPG 2

Figure

IC Mode

Cl Mode

lic2

- \/Oltage

Time

Current


http://www.editorialmanager.com/enef/download.aspx?id=71190&guid=4541d3fc-e58c-4361-9154-b4198151bbdc&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71190&guid=4541d3fc-e58c-4361-9154-b4198151bbdc&scheme=1

Figure

2.8
2.6
2.4

=

g

e v,

o

<

.

— &0

Q.

o~

(§ 8
1.8
1.6
1.4

Click here to download Figure Figure 3.JPG 2

34

68

102
Circuit

136

170

204


http://www.editorialmanager.com/enef/download.aspx?id=71191&guid=628297ac-ea1a-4352-a8e3-3768d74536e7&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71191&guid=628297ac-ea1a-4352-a8e3-3768d74536e7&scheme=1

Figure Click here to download Figure Figure 4.JPG =

250
)
g »
Q. -
= N
F X Eng = 2.16 - Peq-b + 4.94 '
= R? = 0.99 ;
O
© .y i
9 150 - ’
3 '
%: e
£ 100 - . 'l'!. )
L
o) . »
v S .3
g 50 - ;¢ ?
5 -
@
(F N
O = z = Y s i
0 20 40 60 80 100

Equivalent batteries per batch (Peq-b)


http://www.editorialmanager.com/enef/download.aspx?id=71192&guid=cc4c20a4-54b8-4867-9081-441d90238bb4&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71192&guid=cc4c20a4-54b8-4867-9081-441d90238bb4&scheme=1

Figure

Click here to download Figure Figure 5.JPG

Technical condition

of the formation
circuits

Low energy efficiency
of battery formation

Technology Poor
Electric power maintenance
quality
— Formation
Electricity temperature
transformer Voltage
oscillations
Poor Poor
operational Apervision
standards \
No assessment
Working o:ret?ergy
conditions il
Staff

/training

Staff issues

*


http://www.editorialmanager.com/enef/download.aspx?id=71193&guid=da746aa1-6ca4-4320-a043-f0960521c6c2&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71193&guid=da746aa1-6ca4-4320-a043-f0960521c6c2&scheme=1

Figure Click here to download Figure Figure 6.JPG =

[ 94.8°C

__ Connector at
46.3 °C

Connector at
94.8 °C

Connector
= at73.5°C

— 28:57C


http://www.editorialmanager.com/enef/download.aspx?id=71194&guid=80bac91b-25d4-4e9b-ad9b-201a09be011f&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71194&guid=80bac91b-25d4-4e9b-ad9b-201a09be011f&scheme=1

Figure Click here to download Figure Figure 7.JPG =

¢ 2011 +2012 w2013 x2014 e 2015
525

H
~
w

EnB = 0.0022-Peq-b + 33.516 2
R? = 0.9788 2

S
N
(¥

w
~
(¥

325

Electricity consumption (MWh/month)

275

120,000 140,000 160,000 180,000 200,000
Equivalent battery production (Peg-b/month)


http://www.editorialmanager.com/enef/download.aspx?id=71195&guid=563cbcbe-eca6-4bcd-8445-f8f160277d55&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71195&guid=563cbcbe-eca6-4bcd-8445-f8f160277d55&scheme=1

Figure Click here to download Figure Figure 8.JPG %

— Circuit6 <== Circuit 150 ~—Circuit & —=Circuit 150

250 255
= EnBiso=2.20 - Pegv + 4.90 3 2.50
£ 200 |
z 2 2.45
c -
k=] D
’éi 150 ¢$ 240
2 EnBs = 2.12 - Pegt + 7.03 2235 1
S x
5 100 % 230 -
E e
= 2.25
g 50
e 2.20

0 - - ' ' , ' ' ' 215 - —_—— ' |
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 80 70 £0 90 100

Equivalent battery production {(Pegb) Equivalent battery production (Pegb)
(0) (b)


http://www.editorialmanager.com/enef/download.aspx?id=71196&guid=0c7a5869-49fa-42b1-8b07-ce6ad634c99d&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71196&guid=0c7a5869-49fa-42b1-8b07-ce6ad634c99d&scheme=1

Figure Click here to download Figure Figure 9.JPG %

250 2.40 -
Z200
§ 235
r EnB =220 Peqd + 3.45 =
2150 F;
£

230

: :

100 =
z S
-
g 2.25 -
£ s

0 - . ' . : . . . i _ 220 - . ‘ : : . ' :
10 20 30 4 SO 60 70 80 9% 100 10 20 30 4 S0 6 0 8 9 100

Equivalent batteries production (Pea-b) Equivalent bmeti(e;)producuon (Pea-b)
(a)


http://www.editorialmanager.com/enef/download.aspx?id=71197&guid=cc891489-06d3-4f34-a3bc-acfc586b343c&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71197&guid=cc891489-06d3-4f34-a3bc-acfc586b343c&scheme=1

Figure Click here to download Figure Figure 10.JPG 2

160

=
S 140
o
2
2 120
Q.
g =
..2 3100 -
29
Q =
> ™
-
S 60
Z
A%
£ 40
K
w
20 - , : , v |
20 40 60 80 100 120 140 160

Electricity consumption from SS (kWh)


http://www.editorialmanager.com/enef/download.aspx?id=71198&guid=11c8373c-4068-43ff-a6f9-5ab77020ec19&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71198&guid=11c8373c-4068-43ff-a6f9-5ab77020ec19&scheme=1

Figure

Click here to download Figure Figure 11.JPG

Btart of the formation process)

.

Control system: Direct realtime measurement of
control parameters (slectric current, voltags etc )

S5: Indirect real-uime calculation of slectricty

{Fg. 8)

consumption
i R s 1
: | End of the formation process |

r Plant management | |

L1 — -

= 55: Total electricty consumption of the

: Deiatase == formation circuit
I l
I | Cakulate EnPlof the
| L End of the | formation process
| month |
|
| Y3 : Chack/calibrat
| | measurement
| Calculate EnPi | Equipment
| T |
| |
| Plant management: |
| Monthly check of the | Statistic trand Constantor
| I ity consumpt : analyss of EnPl decwamg trend °

|

|

|

Increazing trend

I
|
|
I +
|
|
|

Adminztrative
actions/investments

|
|
|
|
|
I
|
|
|
4

Increasing trend

¥

Check tachraca)
conditions of wires
and connectors

Good techmical
-

No

Yés

* Repair/replace wires
and connectors.

eCheck and correct
operatonal practces

*


http://www.editorialmanager.com/enef/download.aspx?id=71199&guid=81c2c167-206d-46be-8595-45547cdd7f31&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71199&guid=81c2c167-206d-46be-8595-45547cdd7f31&scheme=1

Figure Click here to download Figure Figure 12.JPG =

¢ 2011 +2012 w2013 x2014 2015 a 2016

929 -

w = A=
~N N ~
(9 wn wu

w
N
o

Electricity consumption (MWh/month)

275 | . x
120,000 140,000 160,000 180,000 200,000 220,000
Equivalent battery production (Peq-b/month)



http://www.editorialmanager.com/enef/download.aspx?id=71200&guid=4b73f9bb-2938-4aa5-a30b-4621d3ed994e&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71200&guid=4b73f9bb-2938-4aa5-a30b-4621d3ed994e&scheme=1

Figure

Clrcuit 6
— Baseline
* EnPl

215 ¢

2.10 + ‘ ' ~ ' « ,
10 20 30 40 S0 60 70 80 90 100
Equivalent batteries per batch (Peg-b)

2,50 -
245 -

240 -

2.20 -
2.15 ~

2.10 + '
10 20

Click here to download Figure Figure 13.JPG

30 40 S0 60 70 80 9% 100
Equivalent batteries per batch (Pegb)


http://www.editorialmanager.com/enef/download.aspx?id=71201&guid=2bc39de1-8207-49b7-8c58-4303af617402&scheme=1
http://www.editorialmanager.com/enef/download.aspx?id=71201&guid=2bc39de1-8207-49b7-8c58-4303af617402&scheme=1

Table

Month Battery Peg-b EC: EC: Electricity | Electricity
Production EnB Measured Saving saving
(MWh) | (MWh) | (Mwh) (%)

January 113,693 204,994 484.5 467.2 17.2 3.6
February 105,971 201,604 477.0 455.8 21.2 4.4
March 109,503 217,982 513.1 494 .4 18.7 3.6
April 121,108 214,352 505.1 484.0 21.1 4.2
May 100,242 211,275 498.3 475.6 22.7 45
June 938,40 195,613 463.9 438.7 25.1 54
Total 644,357 | 1,245,820 2,941.9 2,815.8 126.1 4.3




