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ABSTRACT
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plants

Author: Mr. J.A. Swanepoel

Supervisor: Prof. L. Liebenberg

Degree: Master of Engineering (Mechanical)

Cement production is an energy intensive process. In South Africa the cost of energy
increased since 2006, while cement sales have dropped dramatically. It has become
important to focus on methods to optimise energy consumption to achieve cost savings in
the cement industry. Various methods of reducing production cost by improving energy
efficiency are available, but require extended installation periods and high initial capital
expenditure. Other methods such as operational optimisation can reduce production cost,
but offer limited savings.

The aim of this study is to integrate the optimisation of multiple component operations to
improve savings and reduce interruption during implementation. Although integrated
optimisation models have been developed, no literature could be found on the application of
these models in the cement industry.

This thesis reports on the development and implementation of an energy management
system at four South African cement plants. The total electricity costs were reduced without
installing costly infrastructure upgrades. The results summarise the success of the improved
production planning. A conclusion regarding the feasibility of this implementation is compiled
by comparing the savings achieved by the implementation of the energy management
system to other energy saving methods. Recommendations are also made for further study

and the implementation of the energy management system in similar industries.
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OPSOMMING

Titel: Modellering vir geintegreerde energie-optimalisering in
sementproduksieaanlegte

Outeur: Mnr. J.A. Swanepoel
Studieleier: Prof. L. Liebenberg
Graad: Magister van Ingenieurswese (Meganies)

Die produksie van sement is ‘n energie intensiewe proses. In Suid-Afrika het die koste van
energieverbruik sedert 2006 gestyg, terwyl sementverkope skerp gedaal het. Dit het
belangrik geword om op die verbetering van energieverbruik te fokus om kostes te bespaar.
Verskeie metodes is beskikbaar om energie in die sementindustrie meer doeltreffend te
verbruik om produksiekostes te verlaag, maar dit vereis verlengde installasietydperke en die
aanvanklike uitgawes is hoog. Ander metodes, soos produksie-optimalisering, bied beperkte
besparingsmoontlikhede.

Die doel van hierdie ondersoek is om te bepaal of ‘n geintegreerde optimalisering van
veelvoudige komponente energiebesparing kan bevorder en onderbrekings gedurende die
implementering daarvan kan verminder. Alhoewel daar reeds geintegreerde
optimaliseringsmodelle ontwikkel is, is daar geen literatuur beskikbaar wat die toepassing
van hierdie modelle in die sementindustrie beskryf nie.

Hierdie verhandeling beskryf 'n ondersoek na dié modelle en die toepassing daarvan
(energiebestuur) in vier Suid-Afrikaanse sementaanlegte. Die doel van die toepassing is om
die totale elektrisiteitskostes van sementproduksie te verminder, sonder om duur
infrastruktuuropgraderings te doen. Die elektrisiteitsverbruik van die vier sementaanlegte is
bereken en gebruik om die kostebesparing, wat die toepassing van die energiebestuurstelsel
bewerkstellig het, te bereken.

Die bevindinge oor die sukses van die verbeterde produksiebeplanning word saamgevat. ‘n
Gevolgtrekking aangaande die toepaslikheid van die stelsel word gemaak deur die resultate
van hierdie toepassing met dié van ander energiebesparingsmetodes te vergelyk. Laastens
word voorstelle in verband met die toepassing van die energiebeheerstelsel in soortgelyke
industrieé gemaak.

Sleutelwoorde: geintegreerde energiemodel, sementaanleg, energiebestuurstelsel




PREFACE

This dissertation is presented in the form of a research article, with a consolidating preceding
discussion. The consolidating discussion provides more detailed information to better
contextualise the article. The research article is presently under review by the ISI accredited
journal, Applied Energy (impact factor = 5.11). The unpublished manuscript and the editor’s
letter are attached (see Annexure A). The co-authors are Prof E.H. Mathews, Prof L.
Liebenberg and Dr J.C. Vosloo.

The article focuses on a newly developed energy management system to manage the
operations of a cement production plant. This energy management system was developed
in accordance with present energy management standards and implemented in four South
African cement plants. The effect of optimising operations schedules and the application of
these schedules on the day to day operations of the industrial plants was determined during
a three month trial period.
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One

Background and Introduction

Chapter One

This chapter summarises the background of the study, states the aims and scope of

the study and also includes the research goal.




One Background and Introduction

1. CEMENT PRODUCTION IN SOUTH AFRICA

1.1. PREAMBLE

The production of cement is an energy intensive process, with 20% to 40% of the total costs
allocated to energy and 17% to electricity [1.1, 1.2]. Due to the rapid increase of the cost of
electricity in South Africa (see Figure 1) and the international coal cost (see Figure 2) —
disproportional to inflation — production cost is increasing. In addition to the overall increase
of the cost of cement production, South African cement sales dropped dramatically since
2006/2007 (as shown in Figure 3). These two factors have motivated an in depth study of
feasible projects that can be implemented to decrease energy cost during the production of

cement.

Figure 1: South African electricity charges trend ® Figure 2: International coal cost per short ton °

Eskom. Eskom Enterprises (Pty) Limited, Tariffs and Charges, website:
http://www.eskom.co.za/c/article/145/ariffs/ [accessed on 23 June 2012], 2012.

U.S. Energy Information Administration, Independent Statistics and Analysis, Annual Energy Review
Table 7.9: Coal Prices, website: http://www.eia.gov/totalenergy/data/annual/showtext.cfm?t=ptb0709
[access on 11/10/2012], September 2012.
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Figure 3: South African cement sales trend °

Historically, energy cost savings were achieved by upgrading infrastructure. Swanepoel et
al. [1.3] state:

“Various new technologies are available that allow the cement manufacturing
industry to operate more efficiently [2]. These technologies are available for various
components including mills, kilns, and conveyor transport [2, 19]. Most of these
technologies require the installation of new equipment and offer average electrical
energy savings of between 1 kWh and 5 kWh per ton [20-22]. In a life-cycle
assessment, Valderrama [18] reported that the implementation of best available
technologies (BAT) reduced the electricity consumption of clinker production from 76
kWh to 69 kWh per ton. These installations are however costly and require extended
production down time [11, 12]. The payback period for these installations is often
longer than 10 years [21]...” [1.3].

Another technique for achieving energy savings is to improve control systems. These
systems optimise specific component operation, thus ensuring stable, optimal operation
[1.7]. Savings of between 1,4 kWh and 6 kWh per ton can be realised [1.4-1.7]. Valderrama
[1.8] reported a 4% reduction in CO, emissions by implementing the best available
technologies (BAT). Reduction in NO,, SO, and dust emissions of 20,5%, 54% and 84%
respectively are also possible [1.3].

Electricity costs can be reduced by revising operations schedules [1.9]. The national
electricity consumption trend of South Africa (see Figure 4) illustrates two clear peaks in
electricity demand. By reducing these peaks of an individual industry, the national maximum

¢ PPC. Pretoria Portland Cement Limited, Cement Sales Monitor, website:

http://www.ppc.co.za/pages/investor_csm.cfm [Accessed on 27 August 2011], 2011.
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demand will also be reduced. This will aid in limitting national emissions. To encourage the
reduction of peak demand, the South African electricity utility has employed a time-of-use
(TOU) tariff structure.

Figure 4: South African electricity demand profile [1.3]

Optimising electricity operations will aid in reducing peak demand and reduce electricity cost.
This can be achieved by rescheduling operations and effective implementing of production
load-shift. The problem becomes complex due to varying production targets, maintenance
schedules, equipment failure, plant production and storage constraints. A possible solution
is to observe operational constraints to be able to reschedule operations so that production
energy cost can be reduced. This method can support a cost effective implementation
without any production stoppages.

Recent literature reports on the development of modelling techniques used by continuous
plants where both energy- and electricity constraints were present. The models show that
effective operation of a plant can minimise energy cost. However, no literature could be
found on the application of these techniques to a production plant (such as the facilities used
in cement production). The techniques are also not applied in practice at physical plants to
reduce production cost.

1.2. AIMS OF THE STUDY

The aim of this study is to develop a discrete operations model and apply this model by
using an integrated Energy Management System (ENMS) to optimise the scheduling of
components to minimise operations energy cost during the cement production process. The
benefits of an ENMS include:
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e Lowering of energy cost of the cement production process,
¢ No installation of major infrastructure upgrades,
e Integration of maintenance, production and dispatch constraints,

e Lowering of total operation and production cost.

The modelling method presented by Castro et al. [1.9] and Mitra et al. [1.10] was applied to
continuous chemical processes, but never to production planning and scheduling
environments. The goal of this study is to develop a method for modelling the operations of
a production plant, and to apply this method on industrial production plants in the cement
industry. To enable the application of this modelling concept, a different modelling approach
will be explored to achieve an optimal scheduling solution as discussed by Castro [1.9] and
Mitra [1.10].

1.3. BASIC ASSUMPTIONS

The following basic assumptions underpin the study:

¢ Integrated modelling of the operation of a production plant can reduce energy cost,

e The use of an ENMS to implement this modelling method at a cement production
plant can support the reduction of the total cost allocated to energy without altering
production targets or maintenance schedules,

¢ No production downtime is necessary to implement the modelling system, and

e the payback period of the installation is instantaneous.

e The management and scheduling model is an ideal and recommended energy

management tool.

1.4. RESEARCH QUESTION

In the light of these basic assumptions, the following research question was formulated to
guide the study:

How can modelling for integrated energy optimisation at cement production plants reduce

energy costs without altering maintenance schedules?
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1.5. SCOPE OF THE STUDY

The development and implementation of a new modelling approach involves various steps.
These steps include background and problem identification, component optimisation,
implementation, measurement and verification. The problem identification and development
will be further analysed, but the component optimisation, measurement, and verification will

not be explored in depth.

This study is presented in the form of a research article that is included in Appendix B. The
article is contextualised in the chapters that follow. The discussion included in these
chapters will provide a more detailed description of the background and relevance of the
study than described in the research article.
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1.6.

(1.4)

(1.9)

REFERENCES

Cullen J.M., Allwood JM., 2010, “Theoretical efficiency limits for energy conversion
devices”, Energy, 2010(35), pp. 2059-2069.

Gjorv O.E., Sakai K., 2008, “Concrete Technology for a Sustainable Development in
the 21st Century,” Proceedings: The 3rd AFC International Conference —AFC/VCA,
HoChiMinh, 11-13 November 2008.

Swanepoel R., Mathews E., Vosloo J., Liebenberg L., 2013, “Integrated energy
optimisation models for the cement industry”, Applied Energy, in review.

Gugel K.S., Moon R.M., “Automated Mill Control using Vibration Signal Processing.
Proceedings: IEEE Charleston World Cement Conference”, North Charleston, 29
April 2007.

Price L., Hasanbeigei A., Lu H., “Analysis of Energy-Efficiency Opportunities for the
Cement Industry in Shandong Province, China”, Ernest Orlando Lawrence Berkeley
National Laboratory, 2009.

Worrel E., Galisky C., “Energy Efficiency Improvement Opportunities for the Cement
Industry”, Ernest Orlando Lawrence Berkeley National Laboratory, 2008.

Chen C., Habert G., Bouzidi Y., Jullien A., “Environmental impact of cement
production: detail of the different processes and cement plant variability evaluation”,
Journal of Cleaner Production, 2010 (18), pp. 478-485.

Valderrama C., Granados R., Cortina J.L., Gasol C.M., Guillem M., Josa A.,
“Implementation of best available techniques in cement manufacturing: a life-cycle
assessment study”, Journal of Cleaner Production, 2012 (25), pp. 60-67.

Castro P.M., Harjunkoski I., Ignacio E., Grossmann L.E , 2011 “Optimal scheduling of
continuous plants with energy constraints”, Computers and Chemical Engineering,
2011 (35), pp. 372-387.




One Background and Introduction

(1.10) Mitra S., Grossmann |.E., Pinto J.M., Arora N, 2012, “Optimal production planning
under time-sensitive electricity prices for continuous power-intensive processes”,

Computers and Chemical Engineering, 2012 (38), pp. 171-184.




Two

Cement Production and Important
Concepts

Chapter Two

In this chapter, the operation of the cement plant and its subcomponents, including

their energy requirements are described.
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2. CEMENT PRODUCTION AND IMPORTANT CONCEPTS

The cement production process consumes different forms of energy. During calcination
fossil fuels are used to heat the kiln to temperatures capable of burning raw lime stone.
These fossil fuels include fuel oil, coal, and natural gas. In South Africa, coal is of abundant
supply and less costly than other fossil fuels. For this reason, coal forms the primary fuel for
calcinations in the South African cement production process. Coal is also the primary
expense when considering energy usage. The second form of energy consumption is
electricity. Various electric motors use electricity to drive components and grinding
equipment such as mills, crushers, large fans, compressors, and conveyor transport
systems. Apart from these two primary forms of energy consumption, energy is also
consumed in the form of fuel. Excavating equipment and post-production transport

consumes fuel in the form of diesel or petrol.

To improve the analysis of energy consumption throughout the cement production process,
the process can be subdivided into various independent operation units serving specific
functions during the production of cement.

2.1. CEMENT PLANT LAYOUT AND COMPONENTS

Limestone is the primary raw material used for production of cement. A better understanding
of the operation and interdependency of the various units can be obtained by following the
route limestone follows during the production process [2.1].

The basic layout of a dry process cement plant is shown in Figure 5 to illustrate the

limestone route.

10
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Figure 5: Dry process cement production flow diagram [2.2]

2.2. ENERGY CONSUMPTION IN A CEMENT PLANT

Various subsections form the basic building blocks of the layout of any cement plant. These
subsections are functional units that perform specific functions during the production of
cement. In most cement plants, duplicates of these units are placed parallel to each other to
simplify maintenance schedules and decrease production losses during shut downs. Each
of these units requires different forms of energy to operate. A discussion of the consumption
of energy by each of these components follows.

2.2.1.  MINING AND CRUSHING

Limestone is mined in large open pit mines, where blasting and excavation is used to extract
raw limestone from the earth. At this stage, the limestone is still unprocessed, with a large
variation in particle size. Therefore, it needs to be crushed.

The crushing process consists of a set of crushers of varying fineness to refine the particle
size for further processing. In most of the cases, a crushing circuit consists of a primary,

11
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secondary, and tertiary crusher. Such a circuit incrementally reduces the particle size of
limestone through a process of crushing, screening and re-crushing. [2.1, 2.3 & ?]

Figure 6: Jaw crusher operation ° Figure 7: Jaw crusher °

The crushers, screens, and conveyor transport systems of the crushing circuit are driven by
three phase electric motors. For this reason, the crushing circuits form one of the primary
users of electric energy. The crushed limestone is transported from the crushing circuit via
an overland conveyor transport system to a large stockpile. The limestone can be reclaimed
and utilised from this stockpile for further production processes [2.1, 2.3].

2.2.2. RAW MILLING

The raw limestone is reclaimed and transported from the stock pile to a milling circuit, known
as a raw mill, where the particle size is reduced to a finely monitored powder, known as raw
meal. Various other raw materials are added to the limestone in the raw mill to adjust the
chemical composition of the powder. The chemical composition is controlled by altering the
proportion of additives added to the limestone. The fineness consistency and chemical
composition of the raw meal is crucial to the quality of the final product [2.1, 2.3]

Henan Zhengzhou Mining Machinery Co., Ltd., Jaw Crusher, website:
http://www.kilninc.com/upload/2012/2/23235030486.jpg [accessed on 15/08/2012], 2012.

Shanghai Liming Heavy Industry Co., Ltd., Jaw Crusher, website:
http://www.stonecrushermobile.org/uploadfile/201207/9/184922401.gif [accessed on 15/08/2012],
2012.

¢ Jaw crusher operation image, website: http://i01.i.aliimg.com/img/pb/984/925/302/302925984_551.jpg
[accessed on 15/08/20121. 2012.

12
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Various types of mills are used as raw mills, including ball mills and vertical roller mills.
Similar to crushers, raw mills also operate in a milling circuit. This milling circuit however,
consists of a single raw mill with various separators and precipitators or bag filters. The
operation of these components is dependent on a controlled draught of air. This draught is
induced by fans and blowers. All of the above mentioned components utilise electric motors.
Large amounts of electricity are therefore allocated to raw mill circuits, making them one of
the primary consumers of electric energy in a cement plant [2.1, 2.3].

Figure 8: Horizontal ball mill d Figure 9: Vertical roller mill ®

The raw meal is transported from the raw mill to a raw meal silo by means of either airlifts or

fluxo-pumps, or air-slides and bucket elevators [2.1, 2.3].

2.2.3. PRE-HEATER, SEPERATOR AND PRECALCINATION

From the raw meal silo, the raw meal passes through a pre-heater, consisting of a series of
cyclones, to transfer heat generated from the kiln to the raw meal. This pre-heater is also
draught dependant. The needed draught is obtained from the kiln, in which large fans create
airflow to assist the calcination and pre-heating processes. The main function of the pre-
heater is to recapture the lost thermal energy from the kiln and to use this thermal energy to

Crushland, China Top Crusherland Co., Ltd., Horizontal ball mill, website:
http://www.crusherland.com/cement_mill.html [accessed on 15/08/2012], 2012.

Gebr. Pfieffer, Vertical roller mill, website: http://www.gpse.de/uploads/pics/Bild_1_01.jpg [accessed
on 15/08/2012], 2012.

13



Two Cement Production and Important Concepts

initially heat the raw meal before it enters the calcination process. Another function of this
component is to separate grinding fines from the raw meal in order to obtain the correct
consistency for calcination to take place. The dust and emissions from the fossil fuel burnt in
the kiln are then expelled through a smoke stack into the atmosphere [2.1, 2.3].

Figure 10: Preheater tower Figure 11: Preheater tower operational diagram '

A later design and addition to the pre-heater and separator is the so called pre-calciner.
During this process, fossil fuels are burnt to heat the raw meal before it enters the kiln itself.
By doing this, the total amount of coal used by the kiln is reduced. The pre-calciner heats
the raw meal more effective than the kiln, therefore it also offers a reduction in the total
amount of fossil fuels needed to produce a ton of clinker [2.1, 2.3].

Pre-heater schematic , website:
http://ars.els-cdn.com/content/image/1-s2.0S0967066110001851-gr1.jpg [accessed on 15/08/2012],
2012.

14
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Figure 12: Schematic of a precalcining kiln ¢

2.2.4. CALCINATION

The calcination process takes place in a large rotating tube called a kiln. A kiln is a ceramic
lined metal tube of constant diameter ranging from two to six meters. The length of these
tubes can also range from forty to eighty meters. In the centre of the end of the tube is a fuel
burner which forms the only heat source in the kiln. The raw meal is poured from the
opposite end of the kiln to slowly make its way down the tube whilst being heated to a
temperature of up to 1400 °C. This activates a chemical process in the raw meal - called
calcination — to form clinker, the base material used for the making of cement. The pyro-
process also removes volatile substances from the raw meal [2.1, 2.3].

Understanding Cement , pre-calciner, website: http://www.understanding-
cement.com/imaaes/orecalciner.ioa [accessed on 15/08/20121
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Figure 13: Rotary kiln for the cement industry h

The clinker is dropped from the kiln onto a cooler before it enters the clinker silo. These
coolers cool the clinker down by passing a draught induced by electric fans over a moving
grid [2.1, 2.3].

2.2.5. FINISHING MILLING

The final process is similar to raw milling and known as finishing milling. This milling process
is used to grind clinker and other raw materials to an even more refined powder called
cement. The active component of cement is clinker. However, other raw materials such as
gypsum and fly-ash can be added to obtain different characteristics such as rapid hardening
or high strength cement [2.1, 2.3].

This final milling is well controlled to ensure final product quality and consistency. It is also
necessary to carefully control the temperature and fineness of the final product to ensure
reliable and predictable cement quality. To ensure predictable and stable cement quality,

Kiln photograph, website:
http://media.ebcu.com/product/imgage/Construction%26Decoration/2010102803/04e17
6f644c6a093895ed876b5131f6b.ipa [accessed 15/08/20121, 2012.
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the finishing milling process also consists of a milling circuit which includes accurate
separators and classifiers. Similar to raw milling, it is also dependent on a draught induced
by large electrical fans. The temperature of this draught is regulated to ensure that chemical
processes do not initialise [2.1, 2.3].
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Chapter Three

This chapter summarises the methods used for reducing energy cost in the cement
industry. It shows that energy modelling and operations planning are the most cost
effective intervention. It concludes by highlighting standards set for the generation

and implementation of an energy management system.
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3. MOTIVATION AND RELEVANCE

3.1. ENERGY CONSUMPTION IN THE CEMENT INDUSTRY

The cost of energy has become a notable problem which needs implementable solutions to
generate actual results. For this reason, a study (summarised in this thesis) was undertaken
to focus specifically on developing a method to decrease the cost of energy during the
production of cement. The study was undertaken during a time period (2011-2012) when
the supply of electricity was limited in South Africa.

The South African electricity utility, Eskom, launched various initiatives to control and
manage the limited electricity supply effectively. One of these initiatives, known as DSM
(Demand Side Management) involved the manipulation of demand trends. This study
utilises this initiative to focus on electricity usage to reduce energy cost in the South African
cement industry. The major energy consuming components can be subdivided into four

categories as shown in Figure 14.

Figure 14: Energy distribution of cement manufacturing equipment [3.1]

Figure 14 shows that approximately 60% of the energy is consumed by the grinding circuits.
These circuits consume both thermal energy, provided by coal fired kilns, and electrical
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energy to power the drive motors, conveyor transport systems and fans. Modern cement
plants consume an average of 100 kWh - 120 kWh per ton in the grinding circuits [3.1, 3.2].
The electrical auxiliary systems of the grinding circuits include air compressors, conveyor
transport systems, water- and oil pumps, and various large fans. The combined electrical
energy consumption of grinding circuits can constitute up to 75% of all energy used in the
cement industry [3.1, 3.3].

The energy consumption in a cement plant corresponds to a total production cost of 50% -
60% of which 18% - 43% is allocated to electricity alone [3.3]. The large variation is
attributed to different pricing structures and electricity costs in different areas in the world.

3.2. EMISSIONS IN THE CEMENT INDUSTRY

In addition to energy costs, reducing carbon dioxide (CO,) and nitrogen oxides (NO,)
emissions is a global concern regarding environmental conservation [3.4]. Thirty-three per
cent of global emissions are directly linked to energy usage [3.5, 3.6]. The cement industry
contributes up to 7% of global CO, emissions [3.5, 3.6].

South Africa’s primary electricity utility, Eskom, produces 95% of the electricity consumed in
South Africa. Ninety-three per cent of this electricity is generated by coal-fired power plants
and the remaining 7% is generated by hydro -, nuclear -, gas turbine - and pumped storage
plants ® Reducing the electricity demand of cement plants in South Africa will therefore also
contribute to reducing CO, emissions. Managing the demand of the cement industry will
assist in creating a more uniform daily demand distribution by eliminating peaks and valleys
in the demand profile. Detrimental gas emissions from coal fired power plants have been
quantified by Mann and Spath [3.7] (see Table 1).

a Eskom, Eskom Enterprises (Pty) Limited, website: http:/www.eskom.co.za [accessed on 23 June

2012], 2012.
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Table 1: Typical emissions for coal-fired electricity supply [3.7]

Emissions for coal fired electricity supply
Air Emission (g/kWh)
Carbon dioxide 1018.00
Carbon monoxide 0.30
Non-methane hydrocarbons 0.20
Methane 0.90
Nitrogen oxides 3.30
Nitrous oxides 0.00
Particulates 9.20
Sulphur oxides 6.70

The additional CO, emissions, indirectly emitted by using electricity are estimated to be
between 101.8 kg and 122.2 kg CO, per ton cement produced. This is a large amount of
CO, compared to the 137 kg CO, directly emitted by a production plant during the production
of 1 ton of cement as reported by Velderrama [3.8].

3.3. PRESENT ENERGY SAVINGS MEASURES FOR THE CEMENT
INDUSTRY

Various new technologies are available to allow the cement manufacturing industry to
operate more efficiently [3.3]. These technologies are available for various components
including mills, kilns, and conveyor transport systems [3.3, 3.9]. The available technologies

are summarised below.

3.3.1. ENERGY RECOVERY

An important method for improving energy efficiency in the cement industry is the recovery

of waste heat. Two simple forms of recovering waste heat are:

. Cooler waste heat recovery [3.9],

o Waste heat recovery from the kiln surface [3.11, 3.12].
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3.3.2. REPLACEMENT COMPONENTS

Another method that can be used to reduce the electricity demand of a cement plant is to
replace outdated systems or components with modern, more efficient alternatives. The
physical installation of these systems is expensive when compared to the amount of savings
that can be achieved. Possible replacement components include:

e Bucket elevators to replace airlift systems [3.2],
e Vertical roller mills (VRM) [3.2],

e Pre-calciner installation [3.2],

e Variable speed drive (VSD) [3.9, 3.10].

Most of the mentioned technologies and components require the installation of new
equipment and offer an average electrical energy saving of between 1 kWh and 5 kWh per
ton [3.11-3.12]. In a life-cycle assessment, Valderrama [3.7] reported that the
implementation of best available technologies (BAT) reduced the electricity consumption of
clinker production from 76 kWh to 69 kWh per ton.

One example of cost effective technologies that can reduce energy consumption, are
variable speed drives (VSD). The flow of air in the draught dependent components of a
typical cement production plant is controlled and regulated by damper systems. Dampers
increase the resistance in the duct which increases the differential pressure a fan needs to
supply a draught. This influences and controls the flow of air through the duct. This added
resistance dissipates energy and is therefore not energy efficient. The installation of a
variable speed drive on the drive motor of these fans offers a reliable way to reduce
electrical demand when the flow required is less than the installed capacity of the fan [3.9].
Saidur et al. quantified this saving and found that the electrical demand of a ducted fan can
be reduced by 30 %-60 % [3.9].

These installations are however costly and require extended production down time [3.1, 3.2].
The payback period for these installations is often longer than 10 years [3.12].

23



Three Motivation and Relevance

3.3.3. IMPROVED ENERGY EFFICIENCY

Optimising equipment to operate at their maximum capacity offers another technique to
reduce energy consumption. It provides simpler implementation than the replacement of
components. An example of this technique is vibration monitoring to control mill feed ®.

3.3.4. IMPROVED OPERATIONS THROUGH CONTROL SYSTEMS

Specific energy consumption improvement can be achieved by monitoring system
characteristics such as production feed rates. An example of this is Advanced Process
Control (APC) [3.13].

The improvement of control systems provides a simple, cost effective technique to reduce
energy consumption. These systems optimise specific component operation, thus ensuring
stable, optimal operation [3.14]. Savings of between 1.4 kWh and 6 kWh per ton can be
realised [3.11, 3.12, 3.14 & 3.15]. Valderrama [3.8] reported a 4% reduction in CO,
emissions by implementing BAT. Reduction in NO,, SO, and dust emissions of 20.5%, 54%
and 84% respectively are also possible. However, larger savings can be achieved when

components are viewed as a single system.

3.4. INTEGRATED MODELING OF PLANT OPERATIONS FOR
ENERGY CONSTRAINTS

Casto et al. [3.16] stated that the optimisation of the operation of multiple components in
unison will generate energy savings. Such a perspective on reducing energy consumption
provides a simple solution for reducing energy costs. By simply rescheduling plant
component operations to time sensitive electricity tariff structures, the total cost of electricity
and energy can be reduced [3.16]. The literature did not provide any evidence of the
application of management and computerised modelling systems to simultaneously integrate

numerous production components.

Therefore, a new modelling system is proposed to provide a solution for reducing emissions
and energy consumption by integrating various production components of a cement plant.

° Gugel K.S., Moon R.M., “Automated Mill Control using Vibration Signal Processing”, Digital Control

Lab, website: http://www.digitalcontrollab.com/documents/ieee_charleston_paper_v04_19_07.pdf
[accessed on 6 June 2012], 2010.
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An integrated model was developed and implemented as an energy management system
(ENMS).

3.5. ENERGY MANAGEMENT STANDARDS ISO 50 001,
DIN EN 16 0001 AND PAS 55

Woodhouse [3.17] provides three definitions of asset management as used by the financial
sector, equipment maintainers and infrastructure or plant owners and operators. The
definition of asset management for infrastructure or plant owners, states that asset
management is maintaining and operating physical infrastructure to the maximum

capabilities [3.17]. This definition is applicable when considering operations scheduling.

A standard for asset management in this context is set out in PAS-55. The objective of
active and improved asset management is to reduce operational or production cost. PAS-55
also describes asset management during the different stages of the life-cycle of a plant or
installation. These different life-cycle stages are displayed in Figure 15.

Figure 15: Structure of integrated asset management as described by PAS-55 [3.17, 3.18]

Figure 15 shows that asset management applies to the different stages of a component life-
cycle. These stages include creating or acquiring assets, utilising or operating these assets,
maintaining assets and at the end of the life-cycle, either disposing or replacing the asset.
Profit is acquired during utilisation of the physical assets or components. During the
acquisition, maintenance and disposal phases, cost is incurred with the intention to create or
to maintain possible income. Installation of the best available technologies at a cement
production plant means that all the above mentioned stages are completed. This includes

25



Three Motivation and Relevance

the disposal of the old infrastructure, installing the best available technologies and
maintaining it to incur an income through utilisation. The reduction in cost relies on the new
installed component to be efficient enough to both cover the costs of all the different life-
cycle stages and reduce net production costs.

By extending the life-cycle of a component and managing the operation thereof, both the
installation and disposal costs are eliminated. The total value of operational savings is less
than the BAT, but with the eliminated life-cycle stages, a comparable improvement in cost
can be extracted. Efficient operations management can be achieved by implementing an
energy management system (ENMS).

Due to increased public awareness of energy consumption and emissions, benchmarks and
regulations have been set to create a structure in which energy consumption and emissions
are monitored [3.19, 3.20]. Standards for the structure and implementation of such an
ENMS are set out in the DIN EN 16001 [3.19] and ISO 50001 [3.20].

Certain basic functions, that have to be included in an ENMS, are summarised in DIN EN
16001 as shown in Figure 16.

L~

RN

Organisation Documentation

ENMS

Energy
Efficiency

Monitoring Information

~__

Figure 16: Energy management system characteristics [3.19]

When creating an effective ENMS, the components as highlighted in Figure 16 must be
included. The energy management system must record, organise, document and finally
monitor the operations of the considered machinery. To achieve these savings, the
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ISO 50 001 standard provides guidelines for the “planning”, “doing”, “checking” and “acting”,
known as the PDCA structure [3.20]:

l. Planning

Planning includes establishing energy-saving targets, determining the strategy of obtaining
these targets, identifying measures and responsibilities, providing the necessary resources
to achieve these targets and preparing an action plan [3.20].

1. Doing

The “do” clause describes the implementation of the action plan by establishing
management structures for maintaining the strategies developed in step I. Implementation
also encompasses the actual undertaking of the improvement measures [3.20].

1. Checking

The third step describes the monitoring of the implemented savings measures. This is done
by comparing actual savings with the original target and evaluating the effectiveness of the
ENMS. Finally, a re-evaluation of the original savings strategies and targets, as described in
step |, is done [3.20].

V. 4. Acting
Using an iterative process, these new saving strategies and targets are implemented. These
savings strategies are constantly monitored to continuously maintain and improve the

implemented energy-savings measures [3.20].

Using these standards as base, the modelling and optimisation of operations schedules can
be implemented on a modern cement plant. Conforming to these standards will assist the
success and sustainability of possible energy savings that can be achieved by this modelling
method.
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Chapter Four

This chapter describes the development of a flexible energy management system
that will conform to the relevant standards associated with the implementation of an
energy management system. It describes the configuration of the energy
management system and how it will be applied to the four South African cement

plants as case studies.
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4. METHOD AND ANALYSIS

4.1. MODELLING

Castro. et al. [4.1] and Mitra |. et al. [4.2] present sound modelling techniques that can be
used in the operations optimisation of various industries. They indicate that monitoring and
managing operations and storage can reduce operations cost. Castro [4.1] describes
methods of using discrete and aggregate scheduling during modelling to optimise operations
of multiple components for energy constraints. An example of the layout of the multiple

components he considered is shown in Figure 17.

Figure 17: Case study of a processing stage with multiple components [4.1]

From this layout it can be seen that these modelling methods can be used in plants with
similar layouts as the cement industry. The difference between the discrete and aggregate

approaches is shown in Figure 18.

Figure 18: Discrete modelling compared to aggregate modelling [4.1]
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A discrete time model simulates the system of components with time, assuming that each
event is discrete with the time interval. An example is a product extraction event from a silo
or a production event. The model simulates this event at the considered time interval,
accurately simulating silo levels and system response throughout the analysis period. The
aggregate model rearranges the time interval and merges similar cost intervals to create
extend interval lengths. By doing this, the amount of considered time intervals are
decreased, reducing the model complexity.

The aggregate approach assumes that the end result of the analysed time period is accurate
enough to simulated variables (including silo levels and plant production). The specific time
interval values are however not accurate to real world events. During real world application,
the silo capacities are in some instances smaller than the production capacity during the
considered time intervals when they are merged. To accurately predict the silo response to
a production or a product extraction event, the discrete modelling approach was used.

For the application of scheduling management, it was decided to utilise the discrete
modelling method due to the continuous nature of cement plant operations [4.2]. In the
application of this modelling method, Mitra [4.2] used the discrete modelling method to
simulate the cement production process. In Figure 19 Mitra [4.2] shows the utilisation of
storage capacity to shift production load with time to reduce the electricity cost of a cement
plant.

Time

Storage capacity

Figure 19: Optimal storage and production profiles during application in the cement industry [4.2] (Pi = Product i,
Mi = Machine i, Si = Storage i)
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Though these studies showed that the discrete modelling method can be used to reduce
energy costs, no indication of the application of these methods at an operational plant could
be found. Therefore, the method of discrete time modelling was restructured and
incorporated into an ENMS for application at four different cement production facilities.

4.2. SYSTEM DEVELOPMENT AND IMPLEMENTATION

Swanepoel et al. [4.3] describe the development of this ENMS:

“Public awareness and sensitivity to energy consumption and noxious gas emissions
have increased in recent years. Benchmarks and regulations have been proposed
and documented to help create a structure in which energy consumption and
emissions are monitored. A computer-based model has been developed that
predicts and manages cement plant operations. This is achieved by integrating
various characteristics and modelling of production components. This new model
has been implemented with a computerised data recording and processing system.
The new simulation model operates in a system that conforms to the “Planning”,
“Doing”, “Checking” and “Acting”, or PDCA structure as set out in ISO 50001. The
energy management system (ENMS), referred to as the Process Tool Box (PTB),
includes an integrated modelling system.” [4.3]

“Figure 3 is a schematic representation of PTB. The Roman numerals in the figure

indicate which component of the PDCA structure is represented, as described in the
sections that follow.” [4.3] (Figure 20 represents Figure 3, Swanepoel et al. [4.3)).

Figure 20: Schematic of PTB system integration and functionality [4.3]
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“In Figure 3, the block labelled “Plant” represents existing control and metering
systems installed at the cement plant. PTB extracts required data from the
Supervisory Control and Data Acquisition system (SCADA) using an OLE Process
Control or Object Linking and Embedding Process Control (OPC) connection and
stores the relevant recorded data in a database. PTB’s optimiser then accesses the
recorded data in the database and optimises the operations model for least
operational cost. The optimised solution is then returned to the SCADA via OPC for
control of the machines. The optimised solution and operations data is also sent to
PTB’s reporting tool where it can be accessed by plant personnel. The reporting tool
also generates performance reports that are used for evaluation, measurement and

verification. PTB is discussed further in conformity to the PDCA structure” [4.3].

Planning:

“Planning is set out as establishing energy-saving targets, determining the strategy
for obtaining these targets, identifying measures and responsibilities, providing the
necessary resources to achieve these targets and preparing an action plan. The
core of the ENMS is the PTB modelling system that operates within the larger system
(refer to section IV for “Acting”). Various production components have an influence
on the cost of the final product and on electricity consumption. In most cases these
are either directly or indirectly linked to the operation of the plant. The modelling
system therefore considers various constraints that were not previously integrated in
similar operations models” [4.3].

“Various physical components are integrated in the simulation model. This allows for
the accurate prediction of the influence that different components have on the
production system and the final product. These components include raw mills, kilns,
coal mills, finishing mills, crushers and auxiliary components. They are essentially
and functionally different, but are linked by the production process and cost. Using
these two modelling properties — production and cost — the components are
integrated in a single, consolidating model. This allows for easy analysis of the
influence of these components on the complete system.” [4.3]

“To be able to construct an integrated model, the constraints of these components
have been incorporated into the system. These include the daily constraints of the
specific components, such as maintenance, (scheduled and unscheduled), raw
materials requirements, production rate, (constant or variable), and energy
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requirements.

This allows the integrated model to be a powerful tool which

contributes significantly to accurately predicting and achieving the plant’s potential

cost and energy savings. The integrated simulation model does not only analyse the

specific cost component, (cost per ton), but optimises the total cost, including raw

materials-, energy-, storage-, maintenance-, fuel- and various other costs. The

methods for modelling as well as the function of the different variables are shown

schematically in Figure 4.” [4.3] (Figure 21 represents Figure 4, Swanepoel et al.

[4.3].
Costs
* Maintenance
* Material
* Production
* Energy
Data Collection lterative
c ¢ (Database) Optimiser System outcome and
omponen » Optimised schedule (minimum cost)
* Crushing . . .
_ » Forecasting (energy, materials, silo levels)
* Raw Mills » Effectof one component on total system
» Kiln . s
_ * Risk minimisation
» CoalMills * Inefficiencies identification
» Finishing Milling - Benchmarking (ISO 50001 and DIN EN
» Storage 16001)
* Long term planning for optimal shut down

Figure 21: Variables considered in the integrated system, and the resultant system outcomes and capabilities.

[4.3]

The developed system is dependent on accurate plant characteristics, which include

component production rates, silo capacities, sales targets, etc. During the development of

the operations model, these plant characteristics (production flow rates) were assumed to

remain constant. However, some of these characteristics may vary with time.
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Figure 22: Model accuracy without calibration

As can be seen from the profile (Figure 22) the system, as expected, does not accurately
predict the actual operation of the plant. When considering a raw meal silo (as shown in
Figure 22), an average deviation of 13% from actual recorded data was obtained. This is
attributed to the fluctuating nature of the modelling constants. The rate of raw meal
production varies according to the abrasiveness of the raw limestone, amount of additives

added and raw material moisture. These influences are difficult to simulate in most cases.

The system was connected to the Supervisory Control and Data Acquisition (SCADA)
system used at the plant. This system is able to automatically revise the plant characteristics
for more accurate simulation as shown in Figure 23. The average deviation from actual data
recorded (raw meal production rate), using continuously revised parameters, was only 1.2%.

Figure 23: Model accuracy with continuous calibration (daily)

With the improved accuracy of the operations model, forecasting and prediction of plant
characteristics such as silo levels, stock levels, sales, acquisition volumes and electricity

requirements are always available.
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“The purpose is to control the operation in order to minimise total production cost and
in so doing minimising energy consumption and emissions. To do this, the model
makes use of an iterative optimiser that, whilst taking all the variables into account,
iterates the operation of the components to obtain the most cost effective solution.”
[4.3]

Doing:

“The “do” clause describes the implementation of the action plan by establishing
management structures for maintaining the strategies developed in step |
Implementation also encompasses the actual undertaking of the improvement
measures. The output of this model — the optimised operations solution — is then
presented in the form of a useful operation and shutdown schedule as shown in
Figure 5. This schedule is either implemented by operations personnel (control room
operators) or by the system itself through automation, (remote start/stop through
programmable logic controller networks)” [4.3]. (Figure 24 represents Figure 5,
Swanepoel [4.3]).

Figure 24: Daily operations schedule plan (APC = All-Purpose Cement, RHC = Rapid Hardening Cement, HSC =

High-Strength Cement) [4.5]
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“On this display, as shown in Figure 5, the thin red line represents the prevailing
moment. The highlighted blocks represent proposed operating times, colour coded
to indicate different products, as seen in the legend in the grey block below the
indicated time. The thin green, yellow and red blocks below the schedule indicate the
different pricing periods of electricity utility. Once the actual status of the displayed
component does not correspond to the proposed schedule, the tab for the
component flashes red, as seen with the raw mill tab in Figure 5.” [4.3]

Checking

“The third step describes the monitoring of the implemented savings measures. This
is done by comparing actual savings with the original target and thus evaluating the
effectiveness of the ENMS. A re-evaluation is then made of the original savings
strategies and targets as described in step |. Sustainability is a major aspect to
consider in the implementation of an optimised solution. For sustainable optimal
operation and energy efficiency improvement, a reporting component is added to the
PTB system.” [4.3]

“The reporting component monitors, tracks and reports the operation and energy
consumption of the plant. Operational information is obtained from the database and
compared to the optimised operations schedule created by PTB. This information is
then processed to provide system response feedback, reporting on savings
achieved, maintenance completed and unscheduled downtime. Silo levels, flow rates
and other important production information are reported. This provides valuable and
accurate feedback to plant and management personnel. A database of relevant
information is stored for further use in predictive modelling.” [4.3]

Acting

“Using an iterative process, these new savings strategies and targets are
implemented. These savings strategies are continuously monitored to maintain and
improve the implemented energy-savings measures. Savings and operational
reports are generated on a daily, weekly and monthly basis, and sent to key client
personnel who monitor and verify the performance of the ENMS PTB.” [4.3]

“The PTB model is limited by to the client’s database and instrumentation and
updated in real-time. Statistical predictions of the operating storage and production
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capacities, component reliability and energy consumption are made to account for
external variables that cannot be modelled. These variables may include the
moisture content of raw materials, mill efficiency, breakdowns, and any other
variations in plant characteristics. The system and plant responses can be monitored
in real-time, which makes this ENMS robust and versatile. Modelling and forecasting
of PTB is accurate and comprehensive due to real-time monitoring and updating of
process modelling constants.” [4.3]

“The overall benefit of this new system is reflected in the improved performance after
implementation. Four different cement production plants in South Africa were
targeted; each plant posed different challenges and is discussed in the following
sections.” [4.3]
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Chapter Five

This chapter describes the application of the energy management system on four
cement plants in South Africa. It indicates the challenges posed by each application
and shows how the flexible nature of the energy management system adapts to these

unique challenges.
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5. APPLICATION AND RESULTS

The results of the implementation of this ENMS are summarised by Swanepoel et al. [5.1]:

5.1. CASE 1: TIME OF USE TARIFFS WITH PARALLEL
COMPONENTS

“Electric energy costs can be reduced by operating mills during the less expensive
time-of-use, (TOU), periods. The average daily electricity demand profile in South
Africa confirms the distinct peaks during morning and evening periods as shown in
Figure 6.” [5.1]. (Figure 25 represents Figure 6, Swanepoel et al. [5.1]).

Figure 25: South African average daily electricity demand profile in 2008 [5.1]

“Loads shifted out of these two peak periods will assist in reducing the maximum
supply of the utility. To encourage industries to reduce peak time loads, a TOU
billing structure was adopted whereby Eskom applies different tariffs for peak,
standard and off-peak periods, as shown in Figure 7.” [5.1]. (Figure 26 represents

Figure 7, Swanepoel et al [4.3]).
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Figure 26: Time of use tariff structure implemented by electrical utility, Eskom [5.1]

“Optimising costs will ensure that the operation during the most expensive periods is
restricted to a minimum. This will not only reduce operating costs for the cement
plant but also reduce the power requirement during peak electricity demand periods.
Two different cost savings strategies are possible for a cement plant. First the plant
operation and cost can be optimised by considering the TOU tariff structure. This can
be done by simply restricting operations during the expensive peak periods and,
depending on production targets, rescheduling operations to the less expensive
periods.” [5.1]

“Second, if two components operate in parallel but with different specific electricity
consumptions (kKWh per ton), as indicated by Figure 8, optimising electricity cost
without considering TOU tariffs can also be done. In this case, a horizontal ball mill
and a vertical roller mill (VRM) operate in parallel, feeding from the same stockpile
and filling the same raw meal silo. It will be more cost-effective to operate the more
efficient VRM mill at its maximum availability, and the less efficient ball mill only to
essential production requirements. This will be possible when production is lower
than the maximum plant capacity. However, in general, the solution in most cases
requires a more detailed analysis of components in parallel and taking TOU tariffs
into consideration. Analysing the problem now becomes more complex. For
instance, it might be more cost-effective to operate the less effective mill during off-
peak periods than it is to operate the more effective mill during peak periods (i.e., not
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operating the more effective mill at its maximum availability as suggested by the
second strategy).” [5.1] (Figure 27 represents Figure 8, Swanepoel et al [5.1]).

Raw Mill 2 Fan-3
Cyclone

Bag
Filter

Raw Mill 2

Raw Materials Motor

and Crushers

Precipitator

Raw Mill 1
Motor

Figure 27: Schematic representation of Case Study 1 with two different raw mills operating in parallel. (“RM” =

raw mill; “F” = fan) [5.1]

“Complexity is increased by the continuously changing production volumes and
maintenance requirements, particularly when the number of production components
increases. However, by integrating these components in the simulation model, and
regularly updating the model, an optimised operations solution is possible.
Implementing this ENMS on the circuits as indicated in Figure 8 realised an average
0.97 kWh per ton improvement on the combined electricity consumption of the two
mills. Furthermore, 19% of peak electricity usage was also shifted to daily off-peak
periods. The combination of these two components of savings resulted in a total
saving of 14.8% in electricity costs on the raw milling circuits. Two essential
characteristics must however be available to ensure that this operation optimisation
is possible. These are reserve production capacity (where production targets are
lower than the maximum plant production capacity) and storage capacity. The daily
power consumption trend for Case 1 is shown in Figure 9.” [5.1] (Figure 28
represents Figure 9, Swanepoel et al [5.1]).
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Figure 28: Power consumption with load-shift and energy efficiency trend during the implementation of PTB in

5.2.

Case 1[5.1]

“The trends in Figure 9 are based on three months average production data after
implementing PTB. A daily baseline is then compiled using three months average
operations data before implementing PTB and scaled with total production volume.
This baseline is then further scaled to be energy neutral to the post-implementation
power consumption trend. The difference between the production scaled baseline
and the energy neutral scaled baseline is considered as the average energy
efficiency.” [5.1]

CASE 2: UTILISING STORAGE CAPACITY FOR EXTENDED
PERIODS OF TIME

“Production load-shifting is largely dependent on available storage capacity.
Consider for example, a raw meal silo that stores a constant supply of material. If the
production rate of the raw mill preceding the silo is greater than the production rate of
the kiln, electrical load can be shifted. The silo must however have adequate
capacity to supply the kiln with material while the raw mill is shut down. When silo
capacity is large enough, more than just a daily load shift is possible. A typical
example of this is shifting load from weekdays to weekends where more off-peak
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time is available. On the plant considered in Case 2 the raw meal silo has a capacity
of 36 000 tons. This allows production load to be shifted from weekdays to
weekends. The operation during an average week of implementation of the ENMS
PTB is indicated in Figure 10.” [5.1]

“To evaluate the performance of the implementation, an electrical power
consumption baseline was constructed. This baseline is the average electricity
consumption profile, taken over a three month period, of normal operation. The
baseline is then scaled, based on production volumes, to evaluate the performance
of the intervention. From Figure 10, it can be seen that the average demand during
standard and peak times is generally lower than the baseline while average demand
is increased during weekday off-peak periods and weekends. Due to the dynamic
nature of the production process, evaluating the effect of larger or smaller storage
capacity on the plant is too complex to solve manually. The obvious solution is to
use a simulation model that integrates production rates and storage capacities.” [5.1]
(Figure 29 represents Figure 10, Swanepoel et al [5.1]).
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Figure 29: Power consumption trend for weekly load shift of Case 2 [5.1]
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“Eskom tariffs are higher during winter months. PTB shows that increased cost
savings can be achieved by optimising long-term production to allow for increased
winter tariffs, shifting the effective utilisation from winter months to summer months.
The total required plant utilisation during winter months is reduced by stocking more
material in storage silos during summer months. An example of this storage
utilisation is illustrated in Figure 11. PTB indicates that it is in most cases more
effective to undertake large annual maintenance events, such as kiln relining, during
the more expensive winter months while achieving production and sales targets. It
will also specify, depending on the changing production targets, which period during
the expensive winter months is the most cost effective to carry out maintenance

programs.” [5.1] (Figure30 represents Figure 11, Swanepoel et al [5.1]).

Silo level (ton)

Expensive |
winter period |
|
1
|

Silo level

Time of year

5.3.

Figure 30: Storage utilisation (i.e., silo usage) to reduce annual electricity cost [5.1]

“Shifting load out of weekday peak periods to week-day off peak periods and
weekends reduced electricity consumption cost by 14.4%, reducing peak electrical
demand by 5.6 MW.” [5.1]

CASE 3: DYNAMICALLY FLUCTUATING ELECTRICITY COST

“Real-time data updates allow PTB to adapt and iterate the operations solution to
dynamic variations in energy costs. Reduced reserve supply margins compelled
Eskom to introduce an initiative called Demand Market Participation (DMP). This
initiative rewards clients for reducing electricity demand on request by the utility.
Requests are conveyed on a short-term basis, typically only a few hours before a
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reduction in demand is required. This short-term notification further complicates
optimal operations planning which incorporates DMP.” [5.1]

“Frequent data acquisition and iteration of an optimal solution allows the simulation
model to allow for these DMP events, (or bids), in the calculation of total electricity
cost. Because the financial incentives of these bids vary, the ability to view the effect
of a sudden loss of production and its long-term energy cost influence is important in
operations planning. An informed decision can thus be made to accept or reject
these load reduction requests, depending on whether it is favourable or not to larger-
scale cost reduction. The same capability, to frequently update the optimal solution,
makes the model ideal for operations in a dynamic energy cost environment, such as
an energy market or other dynamic energy cost circumstances.” [5.1]

“In Case 3, a total DMP performance improvement of 4.2%, with a total of 3.1 MW of
electrical load shifted from weekday peak periods to off-peak periods. A total cost
reduction of 5.3% as a result of load shift and DMP performance combined was
realised. Figure 12 indicates the DMP performance of Case 3 with a monthly
average before and after PTB was implemented.” [5.1] (Figure 31 represents Figure
12, Swanepoel et al [5.1]).

Figure 31: DMP performance before and after implementation of the PTB System (Case 3) [5.1]
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5.4. CASE 4: RAW MATERIALS COST

“So far, only the energy cost optimisation capabilities of integrated modelling have
been evaluated. However energy costs are not the only cost influence that should be
considered when optimising component selection and operation. A system with two
identical finishing mills, one with a more effective separator, is a good example of this
influence. This configuration of components is indicated in Figure 13.” [5.1] (Figure
32 represents Figure 13, Swanepoel et al [5.1]).

Raw Materials Store
(GEVANNE)) High-efficiency
separator

Cement Silos Packing and Shipping

Figure 32: Production component schematic indicating two finishing mills in parallel, with different separators.
[5.1]

“The effect of this increased efficiency separator on the system is that the one
finishing mill requires more clinker to produce a final product with the same
characteristics. Because clinker is a more expensive material than the alternative
raw lime-stone, due to physical characteristics, the one mill requires a more
expensive combination of raw materials to produce the same final product.” [5.1]

“Once again, as with parallel mills of differing efficiency, it is clear that the production
of the more efficient mill (with regards to raw materials cost) should be maximised
during normal operation. However, combining TOU tariffs, raw material cost and
dynamic electricity cost influences, this problem also becomes too complex to
analyse manually. Figure 14 shows an example of combining the costs of both
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electricity usage and raw materials cost.” [5.1] (Figure 33 represents Figure 14,

Swanepoel et al [5.1]).
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Figure 33: Cost comparison of raw materials cost to electricity cost of operation [5.1]

“Figure 14 is compiled for a specific cement product and for a specific production
target. It indicates the cost spread with increasing utilisation of the more efficient mill
and subsequently decreasing utilisation on the less efficient mill. It can be seen that
the minimum cost is reached at a 75% utilisation of the more efficient mill and a 25%
utilisation of the less efficient mill, instead of the initially assumed full utilisation of the
more effective mill. When production targets fluctuate and different constituents are
produced, the production costs vary considerably. By integrating each of these
influences and rapidly re-evaluating the most cost effective solution, the plant can be
operated at the lowest possible cost. In a similar way, the cost of raw materials can
be optimised when a pre-determined quantity of coal is added to a raw milling circuit.
Implementation of PTB in Case 4 produced a combined saving in electricity cost on
the milling circuits and raw materials cost of 8.1%". [5.1]
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The implementation of the ENMS generated savings on all four cement plants. The total
average savings achieved amounted to 10.6% reduction in electricity costs on the milling

circuits. The savings achieved on the four sites are summarised in table 2.

Table 2: Summary of savings achieved during the implementation of the ENMS [5.1]

Actual operations Baseline cost Savings
Per annum Per annum Cost %
Case 1 $737 980 $752 694 $14 714 14.8
Case 2 $655 596 $765 793 $96 323 14.4
Case 3 $1 677 552 $1 765 264 $87 712 5.2
Case 4 $2 037 433 $1 872 052 $165 381 8.1
Total $5 108 562 $5 155 804 $364 130 | 10.6

The flexibility of this modelling method and the application thereof made the ENMS ideal to
be implemented in real-world systems. Updating the modelling constants and targets in real

time, made it possible for the ENMS to operate effectively and generate electricity savings.
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Chapter Six

This chapter summarises the results obtained during the application of the energy
management system and draws a conclusion of the success of this intervention. The
chapter concludes by proposing further research topics and further study of the

application of this energy management system.
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6. SUMMARY AND CONCLUSION

6.1. SUMMARY OF CASE STUDIES

“Savings in these various forms combined to achieve the results shown in Table 2.
These results were based on a monthly implementation during the less expensive
summer months. Integrated modelling allows a production plant to operate more
effectively and at a reduced energy cost.” [6.1]

Table 3: Summary of savings achieved during the implementation of the ENMS [6.1]

Actual operations Baseline cost Savings
Per annum Per annum Cost %
Case 1 $737 980 $752 694 $14 714 14.8
Case 2 $655 596 $765 793 $96 323 14.4
Case 3 $1 677 552 $1 765 264 $87 712 5.2
Case 4 $2 037 433 $1 872 052 $165 381 8.1
Total $5 108 562 $5 155 804 $364 130 10.6

Swanepoel [6.1] used these results to show that the total electricity consumption of a cement
plant can be reduced by implementing discrete modelling into the daily operations planning
of a cement plant. The results show that an average electricity cost reduction of 10.6% was
obtained. This shows that the implementation of the ENMS was not only successful, but it
can also compete with other methods of reducing energy cost during the production of
cement.

The implementation of the ENMS showed that modelling operation with variable electricity
tariffs can generate savings. In addition to this, 10.6% compares well to present
technologies, with a simpler implementation. The payback period of the implementation is

also instantaneous, since no large infrastructure upgrades were necessary.
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6.2.

CONCLUSION

“Due to the large initial capital costs and the extended payback period for energy
saving infrastructure improvement, a novel approach was followed to effectively
obtain energy and emissions savings in the cement industry. All the components
used to produce cement on a plant are interlinked. Using this as a starting point, the
study found that by modelling the entire system of components and rescheduling
their operations, energy savings could be obtained. A computerised operations
model was developed that integrated all the components of the cement plant,
including each individual constraint. Operational procedures were re-scheduled to
optimise for cost savings. This model was implemented by creating an ENMS that
conforms to the ISO 50001.” [6.1]

“During the investigation, the study found that electricity is the major form in which
energy is consumed by the cement industry. The energy analysis was extended to a
national electricity demand level. Energy and emission reductions were shown to be
possible by changing the load profile of the cement production plants. The TOU tariff
structure corresponds to the South African power demand profile. Implementing the
developed ENMS resulted in a reduction in peak electricity demand while optimising
electricity costs for the cement plant. This new integrated modelling approach,
combined with TOU electricity cost saving and system characteristics resulted in an
overall energy cost saving. In addition to these savings, frequently updating the
modelling constants in real time, these savings can be obtained with dynamically
fluctuating energy cost as well.” [6.1]

“Optimising cost and integrating different component characteristics meant that raw
material costs could also be incorporated in the model. This not only reduces energy
costs and emissions, due to lower electricity demand, but total cement production
cost is reduced as well. The advantages of an integrated modelling approach allow
the cement plants to obtain larger total savings than when the modelling and
planning of operations of large components is done individually. Implemented
studies clearly revealed the individual benefits of the system. The ENMS combines
these benefits to form an integrated solution and showed a 7.1% improvement in
operations costs on each milling system on which it was implemented.” [6.1]
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“The functionality of this new ENMS however is not limited to implementation on only
cement production plants. The results suggest that the application of the integrated
modelling method and the ENMS in different industries and on different production
plants should be investigated further.” [6.1]

6.3. RECOMMENDATIONS

It is recommended that similar ENMS’s should be applied by other industries and production
facilities to minimise production cost. Industries such as the mining sector could benefit from
these savings. The concentration and extraction facilities of gold and platinum mines have
similar layouts to the cement production process, with large mills and smelters. The basic
layout of a gold extraction plant is shown in Figure 34.

Figure 34: Example layout of a typical gold plant

The basic layout of a platinum concentrator plant is shown in Figure 35.
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Figure 35: Example layout of a typical platinum concentrator plant

Other industries such as chrome and iron pelletizing plants can also consider using ENMS.
The continuous nature of these plants makes the application of this modelling ENMS ideal
for reducing electricity costs.

Further study can also be done to optimise larger systems, for example, the distribution
systems between cement plants and other industrial facilities. In this case, modelling the
production rates and accounting for the cost of raw materials and the transport between the
individual production facilities can provide opportunities for saving energy. The ENMS
presented in this thesis can be used to generate the energy consumption rate of the
individual plants, which will form a base for larger scale modelling.
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of the file: elsarticle.cls, complete user documentation for the class file, bibliographic style
files in various styles, and template files for a quick start.

Article structure:

Subdivision - numbered sections:

Divide your article into clearly defined and numbered sections. Subsections should be
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section
numbering). Use this numbering also for internal cross-referencing: do not just refer to 'the
text'. Any subsection may be given a brief heading. Each heading should appear on its own
separate line.

Introduction:

State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods:

Provide sufficient detail to allow the work to be reproduced. Methods already published
should be indicated by a reference: only relevant modifications should be described.

Theory/calculation:

A Theory section should extend, not repeat, the background to the article already dealt with
in the Introduction and lay the foundation for further work. In contrast, a Calculation section
represents a practical development from a theoretical basis.
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Results:
Results should be clear and concise.

Discussion:

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and
discussion of published literature.

Conclusions:
The main conclusions of the study may be presented in a short Conclusions section, which

may stand alone or form a subsection of a Discussion or Results and Discussion section.

Glossary:
Please supply, as a separate list, the definitions of field-specific terms used in your article.

Annexures:

If there is more than one annexure, they should be identified as A, B, etc. Formulae and
equations in annexures should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a
subsequent annexure, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig.
A1, etc.

Essential title page information:

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

» Author names and affiliations. Where the family name may be ambiguous (e.g., a double
name), please indicate this clearly. Present the authors' affiliation addresses (where the
actual work was done) below the names. Indicate all affiliations with a lower-case superscript
letter immediately after the author's name and in front of the appropriate address. Provide
the full postal address of each affiliation, including the country name and, if available, the e-
mail address of each author.

» Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that telephone and fax numbers
(with country and area code) are provided in addition to the e-mail address and the complete
postal address. Contact details must be kept up to date by the corresponding author.
 Present/permanent address. If an author has moved since the work described in the article
was done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be
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indicated as a footnote to that author's name. The address at which the author actually did
the work must be retained as the main, affiliation address. Superscript Arabic numerals are
used for such footnotes.

Abstract:

A concise and factual abstract is required. The abstract should state briefly the purpose of
the research, the principal results and major conclusions. An abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or
uncommon abbreviations should be avoided, but if essential they must be defined at their
first mention in the abstract itself.

Graphical abstract:

A Graphical abstract is optional and should summarize the contents of the article in a
concise, pictorial form designed to capture the attention of a wide readership online. Authors
must provide images that clearly represent the work described in the article. Graphical
abstracts should be submitted as a separate file in the online submission system. Image
size: Please provide an image with a minimum of 531 x 1328 pixels (h x w) or proportionally
more. The image should be readable at a size of 5 x 13 cm using a regular screen resolution
of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. See
http://www.elsevier.com/graphicalabstracts for examples.

Authors can make use of Elsevier's lllustration and Enhancement service to ensure the best
presentation of their images also in accordance with all technical requirements: lllustration

Service.

Highlights:

Highlights are mandatory for this journal. They consist of a short collection of bullet points
that convey the core findings of the article and should be submitted in a separate file in the
online submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet
points (maximum 85 characters, including spaces, per bullet point). See
http://www.elsevier.com/highlights for examples.

Keywords:
Immediately after the abstract, provide a maximum of 6 keywords, using American spelling
and avoiding general and plural terms and multiple concepts (avoid, for example, 'and’, 'of').
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Be sparing with abbreviations: only abbreviations firmly established in the field may be
eligible. These keywords will be used for indexing purposes.

Acknowledgements:

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title or
otherwise. List here those individuals who provided help during the research (e.g., providing
language help, writing assistance or proof reading the article, etc.).

Nomenclature and units:

Follow internationally accepted rules and conventions: use the international system of units
(SI). If other quantities are mentioned, give their equivalent in Sl. You are urged to consult
IUPAC: Nomenclature of Organic Chemistry: http://www.iupac.org/ for further information.

Math formulae:

Present simple formulae in the line of normal text where possible and use the solidus (/)
instead of a horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to
be presented in italics. Powers of e are often more conveniently denoted by exp. Number
consecutively any equations that have to be displayed separately from the text (if referred to
explicitly in the text).

Footnotes:

Footnotes should be used sparingly. Number them consecutively throughout the article,
using superscript Arabic numbers. Many word processors build footnotes into the text, and
this feature may be used. Should this not be the case, indicate the position of footnotes in
the text and present the footnotes themselves separately at the end of the article. Do not
include footnotes in the Reference list.

Artwork:

General points:

» Make sure you use uniform lettering and sizing of your original artwork.

 Save text in illustrations as "graphics" or enclose the font.

* Only use the following fonts in your illustrations: Arial, Courier, Times, Symbol.
* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Provide captions to illustrations separately.

* Produce images near to the desired size of the printed version.
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» Submit each figure as a separate file;

* Please check your figures and legends for text irregularities (i.e. missing/corrupting text)
before you submit. A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions. You are urged to visit this site; some excerpts
from the detailed information are given here.

Formats:

Regardless of the application used, when your electronic artwork is finalised, please "save
as" or convert the images to one of the following formats (note the resolution requirements
for line drawings, halftones, and line/halftone combinations given below):

EPS: Vector drawings. Embed the font or save the text as "graphics".

TIFF: color or greyscale photographs (halftones): always use a minimum of 300 dpi.

TIFF: Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF: Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is
required.

DOC, XLS or PPT: If your electronic artwork is created in any of these Microsoft Office
applications please supply "as is".

Please do not:

 Supply embedded graphics in your word processor (spreadsheet, presentation) document;
 Supply files that are optimised for screen use (like GIF, BMP, PICT, WPG); the resolution
is too low;

* Supply files that are too low in resolution;

» Submit graphics that are disproportionately large for the content.

Color artwork:

Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS Office
files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will
appear in color on the Web (e.g., ScienceDirect and other sites) regardless of whether or not
these illustrations are reproduced in color in the printed version. For color reproduction in
print, you will receive information regarding the costs from Elsevier after receipt of your
accepted article. Please indicate your preference for color: in print or on the Web only. For
further information on the preparation of electronic artwork, please see
http://www.elsevier.com/artworkinstructions.  Please note: Because of technical
complications which can arise by converting color figures to 'gray scale' (for the printed
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version should you not opt for color in print) please submit in addition usable black and white

versions of all the color illustrations.

Figure captions:

Ensure that each illustration has a caption. Supply captions separately, not attached to the
figure. A caption should comprise a brief title (not on the figure itself) and a description of the
illustration. Keep text in the illustrations themselves to a minimum but explain all symbols

and abbreviations used.

Tables:

Number tables consecutively in accordance with their appearance in the text. Place
footnotes to tables below the table body and indicate them with superscript lowercase
letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data
presented in tables do not duplicate results described elsewhere in the article.

References:

Citation in text:

Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results
and personal communications are not recommended in the reference list, but may be
mentioned in the text. If these references are included in the reference list they should follow
the standard reference style of the journal and should include a substitution of the
publication date with either 'Unpublished results' or 'Personal communication'. Citation of a
reference as 'in press' implies that the item has been accepted for publication.

Web references:

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a
source publication, etc.), should also be given. Web references can be listed separately
(e.g., after the reference list) under a different heading if desired, or can be included in the

reference list.

Reference style:

Text: Indicate references by number(s) in square brackets in line with the text. The actual
authors can be referred to, but the reference number(s) must always be given.

List: Number the references (numbers in square brackets) in the list in the order in which
they appear in the text.
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Examples:

Reference to a journal publication:

[1] Van der Geer J, Hanraads JAJ, Lupton RA. The art of writing a scientific article. J Sci
Commun 2010;163:51-9.

Reference to a book:

[2] Strunk Jr W, White EB. The elements of style. 4th ed. New York: Longman; 2000.
Reference to a chapter in an edited book:

[3] Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones
BS, Smith RZ, editors. Introduction to the electronic age, New York: E-Publishing Inc; 2009,
p. 281-304.

Note shortened form for last page number. e.g., 51-9, and that for more than 6 authors the
first 6 should be listed followed by 'et al." For further details you are referred to 'Uniform
Requirements for Manuscripts submitted to Biomedical Journals' (J Am Med Assoc
1997,277:927-34) (see also http://www.nlm.nih.gov/bsd/uniform_requirements.html).

Journal abbreviations source

Journal names should be abbreviated according to

Index Medicus journal abbreviations: http://www.nlm.nih.gov/tsd/serials/lji.ntml;
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php;
CAS (Chemical Abstracts Service): http://www.cas.org/sent.html.

Video data:

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with
their article are strongly encouraged to include these within the body of the article. This can
be done in the same way as a figure or table by referring to the video or animation content
and noting in the body text where it should be placed. All submitted files should be properly
labelled so that they directly relate to the video file's content. In order to ensure that your
video or animation material is directly usable, please provide the files in one of our
recommended file formats with a preferred maximum size of 50 MB. Video and animation
files supplied will be published online in the electronic version of your article in Elsevier Web
products, including ScienceDirect: http://www.sciencedirect.com. Please supply 'stills’ with
your files: you can choose any frame from the video or animation or make a separate image.
These will be used instead of standard icons and will personalize the link to your video data.
For more detailed instructions please visit our video instruction pages at

http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot be
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embedded in the print version of the journal, please provide text for both the electronic and
the print version for the portions of the article that refer to this content.

Supplementary data:

Elsevier accepts electronic supplementary material to support and enhance your scientific
research. Supplementary files offer the author additional possibilities to publish supporting
applications, high-resolution images, background datasets, sound clips and more.
Supplementary files supplied will be published online alongside the electronic version of your
article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com. In
order to ensure that your submitted material is directly usable, please provide the data in one
of our recommended file formats. Authors should submit the material in electronic format
together with the article and supply a concise and descriptive caption for each file. For more
detailed instructions  please  visit our artwork instruction pages  at

http://www.elsevier.com/artworkinstructions.

Submission checklist:

It is hoped that this list will be useful during the final checking of an article prior to sending it
to the journal's Editor for review. Please consult this Guide for Authors for further details of
any item. Ensure that you have read the submission declaration and that your manuscript is
in accordance with these guidelines.

Ensure that the following items are present:

One Author designated as corresponding Author:

» E-mail address

* Full postal address

* Telephone and fax numbers

All necessary files have been uploaded

» Keywords

« All figure captions

* All tables (including title, description, footnotes)

Further considerations

* Manuscript has been "spellchecked" and "grammar-checked"

* References are in the correct format for this journal

+ All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including
the Web)
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« Color figures are clearly marked as being intended for color reproduction on the Web (free
of charge) and in print or to be reproduced in color on the Web (free of charge) and in black-
and-white in print

« If only color on the Web is required, black and white versions of the figures are also
supplied for printing purposes

» Manuscript has been line numbered

* Names, affiliations and email addresses of at least 3 potential reviewers

* Final submission has been proofed for missing/corrupted text

For any further information please visit our customer support site at

http://epsupport.elsevier.com

Use of the Digital Object Identifier:

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The
DOI consists of a unique alpha-numeric character string which is assigned to a document by
the publisher upon the initial electronic publication. The assigned DOI never changes.
Therefore, it is an ideal medium for citing a document, particularly 'Articles in press' because
they have not yet received their full bibliographic information. Example of a correctly given
DOI (in URL format; here an article in the journal Physics Letters B):
http://dx.doi.org/10.1016/j.physletb.2010.09.059

When you use a DOI to create links to documents on the web, the DOIls are guaranteed

never to change.

Proofs:

One set of page proofs (as PDF files) will be sent by e-mail to the corresponding author (if
we do not have an e-mail address then paper proofs will be sent by post) or, a link will be
provided in the e-mail so that authors can download the files themselves. Elsevier now
provides authors with PDF proofs which can be annotated; for this you will need to download
Adobe Reader version 7 (or higher) available free from http://get.adobe.com/reader.
Instructions on how to annotate PDF files will accompany the proofs (also given online). The
exact system requirements are given at the Adobe site:
http://www.adobe.com/products/reader/tech-specs.html. If you do not wish to use the PDF
annotations function, you may list the corrections (including replies to the Query Form) and
return them to Elsevier in an e-mail. Please list your corrections quoting line number. If, for
any reason, this is not possible, then mark the corrections and any other comments
(including replies to the Query Form) on a printout of your proof and return by fax, or scan
the pages and e-mail, or by post. Please use this proof only for checking the typesetting,
editing, completeness and correctness of the text, tables and figures. Significant changes to
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the article as accepted for publication will only be considered at this stage with permission
from the Editor. We will do everything possible to get your article published quickly and
accurately — please let us have all your corrections within 48 hours. It is important to ensure
that all corrections are sent back to us in one communication: please check carefully before
replying, as inclusion of any subsequent corrections cannot be guaranteed. Proofreading is
solely your responsibility. Note that Elsevier may proceed with the publication of your article

if no response is received.

Offprints:

The corresponding author, at no cost, will be provided with a PDF file of the article via e-
mail. For an extra charge, paper offprints can be ordered via the offprint order form which is
sent once the article is accepted for publication. The PDF file is a watermarked version of
the published article and includes a cover sheet with the journal cover image and a

disclaimer outlining the terms and conditions of use.
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ANNEXURE B

SWANEPOEL R., MATHEWS E., VOSLOO J., LIEBENBERG L., 2013,
“INTEGRATED ENERGY OPTIMISATION MODELS FOR THE
CEMENT INDUSTRY”, APPLIED ENERGY, IN REVIEW.
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ABSTRACT:

Energy costs play a major role in the cement production process. As much as 60% of total
cost is allocated to energy and 17.75% to the consumption of electrical energy. Historically,
energy cost savings were achieved by large infrastructure upgrades. These upgrades are often
costly and lead to interruptions in production. In this paper the operation of all the energy
intensive components of the cement production process are identified, modelled, integrated
and optimised for minimum operational costs while meeting production targets. This
integrated approach allows for simulation of the collective effect of individual system
components. The model incorporates constraints such as maintenance, production and
dynamic energy costs. No published research could be found where these constraints are
combined into a single operational modelling system and implemented. The system was
implemented on four different cement plants and a total energy cost saving of 7.1% was

achieved.

Keywords: integrated energy model, cement plant, energy management system
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1. INTRODUCTION

A large portion of the total financial expenditure in the production of cement is allocated to cost of
energy [1, 2] which is increasing in some instances at a more rapid rate than inflation [3 - 8]. As a
result, the proportion of cost allocated to energy in cement production is increasing. This highlights
the importance of decreasing cost in a competitive market that is under pressure due to increasing

energy costs [9]. Figure 1 shows the layout of a typical dry cement production process.

Figure 1 — Basic layout of a dry cement production process [10]

Limestone is the primary raw material that is used in the production of cement. It is mined in large
open cast mines, through blasting. The unprocessed limestone has large variations in particle size
and therefore passes through a crushing process. This process incrementally reduces the particle

size of the limestone by systematically crushing, screening and re-crushing the limestone. From the
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crushing plant, the crushed limestone is transported via an overland conveyor transport to a large

stockpile [11]. The crushers, screens and conveyor transport are all driven by electric motors.

From the stockpile, the raw limestone is reclaimed and transported to a milling circuit where the
particle size of the limestone is reduced to a finely monitored powder, known as raw meal. This
milling circuit is referred to as the raw mill. In the raw mill, various other raw materials are added
to obtain the correct chemical composition of the raw meal. Keeping the raw meal at a constant
fineness and accurately controlled chemical composition is crucial to the quality of the final
product. Various types of mills are used as raw mills; these include ball- and vertical roller mills.
The milling circuit usually consists of one or two raw mills with various separators, precipitators or
bag filters. These components require a controlled draught of air induced by fans and blowers that
utilise electric drive motors, making them one of the primary consumers of electric energy of the

cement plant [11].

The raw meal is then transported to a raw meal silo via airlift or fluxo-pumps, air-slides or bucket
elevators. From the raw meal silo, the raw meal passes through a pre-heater that consists of a series
of cyclone-separators in which heat generated from the kiln is transferred to the raw meal. The
draught needed for the operation of the separators is obtained from the kiln in which large fans
create airflow to assist the calcination process as well as pre-heating process. The main function of
the pre-heater is to recapture the lost thermal energy from the kiln and heat the raw meal before it
enters the calcination process. Another function of this component is to separate grinding fines
from the raw meal in order to obtain the correct consistency for calcination to take place. This fine
dust and emissions from fossil fuel burnt in the kiln is then expelled into the atmosphere through a

smoke stack [11].
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A more modern design and addition to the pre-heater and separator is the so called pre-calciner. In
this process, fossil fuels are burnt to heat the raw meal before it enters the kiln itself. This reduces
the total amount of coal required in the kiln and since the pre-calciner heats the raw meal more

effectively than the kiln, it offers a reduction in fossil fuels used [11].

The calcination process typically takes place in a large rotating horizontal ceramic lined metal
cylinder called a kiln which has a fixed diameter, usually between two and six meters. The length
of these cylinders can vary between 40 to 80 meters. In the centre of the latter end of the cylinder is
a fuel burner that forms the only heat source in the kiln. The raw meal enters the kiln at the
opposite end to the burner and moves slowly along the cylinder allowing sufficient time for heating
to a temperature of up to 1400°C. This activates a chemical process in the raw meal called
calcination and forms clinker which is the base material used in the making of cement. The pyro-

process also removes volatile substances from the raw meal [11].

The final process in the production line is known as finishing milling. Similar to raw milling, this
milling process is used to grind clinker and other raw materials to a very fine powder called cement.
The active component of cement is clinker. To obtain different final characteristics of the finished
product, such as rapid hardening or high strength, different raw materials such as gypsum and fly-
ash are added. This final milling is accurately controlled to ensure quality and consistency. It is
also necessary to accurately control the temperature and fineness of the final product to ensure
reliable and predictable cement quality. To do this, the finishing milling process also consists of a
milling circuit with accurate separators and classifiers. This process is also dependant on draft air

which is induced by large electrical fans. [11]
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The major energy consuming components in the production of cement can be subdivided into four

categories as shown in Figure 2.

Figure 2 — Energy distribution of cement manufacturing equipment [11]

Figure 2 shows that approximately 60% of the energy is consumed by the grinding circuits. These
circuits consume both thermal energy, provided by coal fired kilns, and electrical energy to power
the drive motors, conveyor transport systems and fans. Modern cement plants consume an average

of 100 kWh - 120 kWh per ton in the grinding circuits [11, 12].

Electrical auxiliary systems of the grinding circuits include air compressors, conveyor transport,
water- and oil pumps, and various large fans. The combined electrical energy consumption of
grinding systems can constitute up to 75% of all energy used in the cement industry [2, 11]. This
corresponds to a total production cost component of 50% - 60% for energy of which 17.75% -
42.6% 1is allocated to electricity alone [2]. The fairly large variation is attributed to different pricing

structures and electricity costs in different areas in the world.

In addition to energy costs, environmental conservation in terms of reducing carbon dioxide (CO,)

and nitrogen oxides (NOy) emissions is a global concern [13]. Thirty-three per cent of global
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emissions are directly linked to the use of energy [14, 15] of which the cement industry contributes

up to 7% of global CO, emissions [14, 15].

South Africa’s primary electricity utility, Eskom, produces 95% of the electricity consumed in
South Africa. Ninety-three per cent of this electricity is generated in coal-fired power plants and
the remaining 7% produced by hydro-, nuclear-, gas turbine- and pumped storage generation [16].
Reducing electricity demand of cement plants in South Africa will therefore serve to reduce CO,
emissions. Managing the demand of the cement industry will also assist in creating a more uniform
daily demand distribution and eliminating peaks and valleys in the demand profile. Detrimental gas
emissions from coal fired power plants have been quantified by Mann and Spath [17] as indicated in

Table 1.

Table 1 — Typical emissions for coal-fired electricity supply [17]

Emissions for coal fired electricity supply
Air Emission (g/kWh)
Carbon Dioxide 1018.00
Carbon Monoxide 0.30
Non-methane Hydrocarbons 0.20
Methane 0.90
Nitrogen Oxides 3.30
Nitrous Oxides 0.00
Particulates 9.20
Sulphur Oxides 6.70
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The additional CO, emissions indirectly emitted as a result of the use of electricity is estimated to
be between 101.8 kg and 122.2 kg CO, per ton cement produced. This is fairly large when
compared to the 137 kg CO, per ton cement produced that is directly emitted by the production

plant and reported by Velderrama [18].

Various new technologies are available that allow the cement manufacturing industry to operate
more efficiently [2]. These technologies are available for various components including mills, kilns,
and conveyor transport [2, 19]. Most of these technologies require the installation of new equipment
and offer average electrical energy savings of between 1 kWh and 5 kWh per ton [20-22]. In a life-
cycle assessment, Valderrama [18] reported that the implementation of best available technologies
(BAT) reduced the electricity consumption of clinker production from 76 kWh to 69 kWh per ton.
These installations are however costly and require extended production down time [11, 12]. The

payback period for these installations is often longer than 10 years [21].

Another technique for achieving energy savings is improved control systems. These systems
optimise specific component operation, thus ensuring stable, optimal operation [23]. Savings of
between 1.4 kWh and 6 kWh per ton can be realised [20-23]. Valderrama [18] reported a 4%
reduction in CO, emissions by implementing BAT. Reduction in NOy, SO, and dust emissions of

20.5%, 54% and 84% respectively are also possible.

No literature publications on the application of management and computerised modelling systems
that simultaneously integrate the numerous production components could be found in literature. A
new modelling system is proposed that provides a solution for reducing emissions and energy
consumption by integrating various production components. An integrated model was developed

and implemented for this energy management system. Four existing South African cement plants
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were investigated. Reports on the financial savings achieved during the implementation are also

given.

2. INTEGRATED MODELLING

Public awareness and sensitivity to energy consumption and noxious gas emissions have increased
in recent years. Benchmarks and regulations have been proposed and documented to help create a
structure in which energy consumption and emissions are monitored [24, 25]. A computer-based
model has been developed that predicts and manages cement plant operations. This is achieved by
integrating various characteristics and modelling of production components. This new model has
been implemented with a computerised data recording and processing system. The new simulation
model operates in a system that conforms to the “Planning”, “Doing”, “Checking” and “Acting”, or

PDCA structure as set out in ISO 50001 [25]. The energy management system (ENMS), referred to

as the Process Tool Box (PTB), includes an integrated modelling system.

Figure 3 is a schematic representation of PTB. The Roman numerals in the figure indicate which

component of the PDCA structure is represented, as described in the sections that follow.
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Figure 3 — Schematic of PTB system integration and functionality

In Figure 3, the block labelled “Plant” represents existing control and metering systems installed at
the cement plant. PTB extracts required data from the Supervisory Control and Data Acquisition
system (SCADA) using an OLE Process Control or Object Linking and Embedding Process Control
(OPC) connection and stores the relevant recorded data in a database. PTB’s optimiser then
accesses the recorded data in the database and optimises the operations model for least operational
cost. The optimised solution is then returned to the SCADA via OPC for control of the machines.
The optimised solution and operations data is also sent to PTB’s reporting tool where it can be
accessed by plant personnel. The reporting tool also generates performance reports that are used for
evaluation, measurement and verification. PTB is discussed further in conformity to the PDCA

structure:

L Planning:
Planning is set out as establishing energy-saving targets, determining the strategy for obtaining

these targets, identifying measures and responsibilities, providing the necessary resources to
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achieve these targets and preparing an action plan [25]. The core of the ENMS is the PTB
modelling system that operates within the larger system (refer to section IV for “Acting”). Various
production components have an influence on the cost of the final product and on electricity
consumption. In most cases these are either directly or indirectly linked to the operation of the
plant. The modelling system therefore considers various constraints that were not previously

integrated in similar operations models.

Various physical components are integrated in the simulation model. This allows for the accurate
prediction of the influence that different components have on the production system and the final
product. These components include raw mills, kilns, coal mills, finishing mills, crushers and
auxiliary components. They are essentially and functionally different, but are linked by the
production process and cost. Using these two modelling properties — production and cost — the
components are integrated in a single, consolidating model. This allows for easy analysis of the

influence of these components on the complete system.

To be able to construct an integrated model, the constraints of these components have been
incorporated into the system. These include the daily constraints of the specific components, such
as maintenance, (scheduled and unscheduled), raw materials requirements, production rate,
(constant or variable), and energy requirements. This allows the integrated model to be a powerful
tool which contributes significantly to accurately predicting and achieving the plant’s potential cost
and energy savings. The integrated simulation model does not only analyse the specific cost
component, (cost per ton), but optimises the total cost, including raw materials-, energy-, storage-,
maintenance-, fuel- and various other costs. The methods for modelling as well as the function of

the different variables are shown schematically in Figure 4.
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Figure 4 - Variables considered in the integrated system, and the resultant system outcomes and

capabilities.

The purpose is to control the operation in order to minimise total production cost and in so doing
minimising energy consumption and emissions. To do this, the model makes use of an iterative
optimiser that, whilst taking all the variables into account, iterates the operation of the components

to obtain the most cost effective solution.

IL. Doing:

The “do” clause describes the implementation of the action plan by establishing management
structures for maintaining the strategies developed in step I. Implementation also encompasses the
actual undertaking of the improvement measures [25]. The output of this model — the optimised
operations solution — is then presented in the form of a useful operation and shutdown schedule as
shown in Figure 5. This schedule is either implemented by operations personnel (control room
operators) or by the system itself through automation, (remote start/stop through programmable

logic controller networks).
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Figure 5 - Daily operations schedule plan (APC = All-Purpose Cement, RHC = Rapid Hardening

Cement, HSC = High-Strength Cement)

On this display, as shown in Figure 5, the thin red line represents the prevailing moment. The
highlighted blocks represent proposed operating times, colour coded to indicate different products,
as seen in the legend in the grey block below the indicated time. The thin green, yellow and red
blocks below the schedule indicate the different pricing periods of electricity utility. Once the
actual status of the displayed component does not correspond to the proposed schedule, the tab for

the component flashes red, as seen with the raw mill tab in Figure 5.
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111 Checking

The third step describes the monitoring of the implemented savings measures. This is done by
comparing actual savings with the original target and thus evaluating the effectiveness of the
ENMS. A re-evaluation is then made of the original savings strategies and targets as described in
step I [25]. Sustainability is a major aspect to consider in the implementation of an optimised
solution. For sustainable optimal operation and energy efficiency improvement, a reporting

component is added to the PTB system.

The reporting component monitors, tracks and reports the operation and energy consumption of the
plant. Operational information is obtained from the database and compared to the optimised
operations schedule created by PTB. This information is then processed to provide system response
feedback, reporting on savings achieved, maintenance completed and unscheduled downtime. Silo
levels, flow rates and other important production information are reported. This provides valuable
and accurate feedback to plant and management personnel. A database of relevant information is

stored for further use in predictive modelling.

IV.  Acting

Using an iterative process, these new savings strategies and targets are implemented. These savings
strategies are continuously monitored to maintain and improve the implemented energy-savings
measures [25]. Savings and operational reports are generated on a daily, weekly and monthly basis,

and sent to key client personnel who monitor and verify the performance of the ENMS PTB.
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The PTB model is limited by to the client’s database and instrumentation and updated in real-time.
Statistical predictions of the operating storage and production capacities, component reliability and
energy consumption are made to account for external variables that cannot be modelled. These
variables may include the moisture content of raw materials, mill efficiency, breakdowns, and any
other variations in plant characteristics. The system and plant responses can be monitored in real-
time, which makes this ENMS robust and versatile. Modelling and forecasting of PTB is accurate

and comprehensive due to real-time monitoring and updating of process modelling constants.

The overall benefit of this new system is reflected in the improved performance after
implementation. Four different cement production plants in South Africa were targeted; each plant

posed different challenges and is discussed in the following sections.

3. CASE 1: TIME-OF-USE TARIFFS WITH PARALLEL COMPONENTS

Electric energy costs can be reduced by operating mills during the less expensive time-of-use,
(TOU), periods. The average daily electricity demand profile in South Africa confirms the distinct

peaks during morning and evening periods as shown in Figure 6.
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273

274 Figure 6 — South African average daily electricity demand profile in 2008 [26]

275

276  Loads shifted out of these two peak periods will assist in reducing the maximum supply of the
277  utility. To encourage industries to reduce peak time loads, a TOU billing structure was adopted
278  whereby Eskom applies different tariffs for peak, standard and off-peak periods [8], as shown in
279  Figure 7.

280

281

282 Figure 7 — Time of use tariff structure implemented by electrical utility, Eskom [8]
283
284  Optimising costs will ensure that the operation during the most expensive periods is restricted to a

285  minimum. This will not only reduce operating costs for the cement plant but also reduce the power
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requirement during peak electricity demand periods. Two different cost savings strategies are
possible for a cement plant. First the plant operation and cost can be optimised by considering the
TOU tariff structure. This can be done by simply restricting operations during the expensive peak

periods and, depending on production targets, rescheduling operations to the less expensive periods.

Second, if two components operate in parallel but with different specific electricity consumptions
(kWh per ton), as indicated by Figure 8, optimising electricity cost without considering TOU tariffs
can also be done. In this case, a horizontal ball mill and a vertical roller mill (VRM) operate in
parallel, feeding from the same stockpile and filling the same raw meal silo. It will be more cost-
effective to operate the more efficient VRM mill at its maximum availability, and the less efficient
ball mill only to essential production requirements. This will be possible when production is lower
than the maximum plant capacity. However, in general, the solution in most cases requires a more
detailed analysis of components in parallel and taking TOU tariffs into consideration. Analysing
the problem now becomes more complex. For instance, it might be more cost-effective to operate
the less effective mill during off-peak periods than it is to operate the more effective mill during
peak periods (i.e., not operating the more effective mill at its maximum availability as suggested by

the second strategy).
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Figure 8 — Schematic representation of Case Study 1 with two different raw mills operating in

parallel. (“RM” = raw mill; “F” = fan)

Complexity is increased by the continuously changing production volumes and maintenance
requirements, particularly when the number of production components increases. However, by
integrating these components in the simulation model, and regularly updating the model, an
optimised operations solution is possible. Implementing this ENMS on the circuits as indicated in
Figure 8 realised an average 0.97 kWh per ton improvement on the combined electricity
consumption of the two mills. Furthermore, 19% of peak electricity usage was also shifted to daily
off-peak periods. The combination of these two components of savings resulted in a total saving of
14.8% 1n electricity costs on the raw milling circuits. Two essential characteristics must however
be available to ensure that this operation optimisation is possible. These are reserve production
capacity (where production targets are lower than the maximum plant production capacity) and

storage capacity. The daily power consumption trend for Case 1 is shown in Figure 9.
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Figure 9 — Power consumption with load-shift and energy efficiency trend during the

implementation of PTB in Case 1

The trends in Figure 9 are based on three months average production data after implementing PTB.
A daily baseline is then compiled using three months average operations data before implementing
PTB and scaled with total production volume. This baseline is then further scaled to be energy
neutral to the post-implementation power consumption trend. The difference between the
production scaled baseline and the energy neutral scaled baseline is considered as the average

energy efficiency.
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4. CASE 2: UTILISING STORAGE CAPACITY FOR EXTENDED PERIODS OF TIME

Production load-shifting is largely dependent on available storage capacity. Consider for example,
a raw meal silo that stores a constant supply of material. If the production rate of the raw mill
preceding the silo is greater than the production rate of the kiln, electrical load can be shifted. The
silo must however have adequate capacity to supply the kiln with material while the raw mill is shut
down. When silo capacity is large enough, more than just a daily load shift is possible. A typical
example of this is shifting load from weekdays to weekends where more off-peak time is available.
On the plant considered in Case 2 the raw meal silo has a capacity of 36 000 tons. This allows
production load to be shifted from weekdays to weekends. The operation during an average week of

implementation of the ENMS PTB is indicated in Figure 10.

To evaluate the performance of the implementation, an electrical power consumption baseline was
constructed. This baseline is the average electricity consumption profile, taken over a three month
period, of normal operation. The baseline is then scaled, based on production volumes, to evaluate
the performance of the intervention. From Figure 10, it can be seen that the average demand during
standard and peak times is generally lower than the baseline while average demand is increased
during weekday off-peak periods and weekends. Due to the dynamic nature of the production
process, evaluating the effect of larger or smaller storage capacity on the plant is too complex to
solve manually. The obvious solution is to use a simulation model that integrates production rates

and storage capacities.
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Figure 10 — Power consumption trend for weekly load shift of Case 2
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Eskom tariffs are higher during winter months. PTB shows that increased cost savings can be
achieved by optimising long-term production to allow for increased winter tariffs, shifting the
effective utilisation from winter months to summer months. The total required plant utilisation
during winter months is reduced by stocking more material in storage silos during summer months.
An example of this storage utilisation is illustrated in Figure 11. PTB indicates that it is in most
cases more effective to undertake large annual maintenance events, such as kiln relining, during the
more expensive winter months while achieving production and sales targets. It will also specify,
depending on the changing production targets, which period during the expensive winter months is

the most cost effective to carry out maintenance programs.

Figure 11 — Storage utilisation (i.e., silo usage) to reduce annual electricity cost

Shifting load out of weekday peak periods to week-day off peak periods and weekends reduced

electricity consumption cost by 14.4%, reducing peak electrical demand by 5.6 MW.

S. CASE 3: DYNAMICALLY FLUCTUATING ELECTRICITY COST

Real-time data updates allow PTB to adapt and iterate the operations solution to dynamic variations

in energy costs. Reduced reserve supply margins compelled Eskom to introduce an initiative called
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Demand Market Participation (DMP). This initiative rewards clients for reducing electricity
demand on request by the utility. Requests are conveyed on a short-term basis, typically only a few
hours before a reduction in demand is required. This short-term notification further complicates

optimal operations planning which incorporates DMP.

Frequent data acquisition and iteration of an optimal solution allows the simulation model to allow
for these DMP events, (or bids), in the calculation of total electricity cost. Because the financial
incentives of these bids vary, the ability to view the effect of a sudden loss of production and its
long-term energy cost influence is important in operations planning. An informed decision can thus
be made to accept or reject these load reduction requests, depending on whether it is favourable or
not to larger-scale cost reduction. The same capability, to frequently update the optimal solution,
makes the model ideal for operations in a dynamic energy cost environment, such as an energy

market or other dynamic energy cost circumstances.

In Case 3, a total DMP performance improvement of 4.2%, with a total of 3.1 MW of electrical load
shifted from weekday peak periods to off-peak periods. A total cost reduction of 5.3% as a result of
load shift and DMP performance combined was realised. Figure 12 indicates the DMP performance

of Case 3 with a monthly average before and after PTB was implemented.
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Figure 12 — DMP performance before and after implementation of the PTB System (Case 3)

6. CASE 4: RAW MATERIALS COST

So far, only the energy cost optimisation capabilities of integrated modelling have been evaluated.
However energy costs are not the only cost influence that should be considered when optimising
component selection and operation. A system with two identical finishing mills, one with a more
effective separator, is a good example of this influence. This configuration of components is

indicated in Figure 13.

Raw Materials Store
(Raw lime) High-efficiency
separator

o, 0 .0 J
Cement Silos Packing and Shipping
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Figure 13 — Production component schematic indicating two finishing mills in parallel, with

different separators.

The effect of this increased efficiency separator on the system is that the one finishing mill requires
more clinker to produce a final product with the same characteristics. Because clinker is a more
expensive material than the alternative raw lime-stone, due to physical characteristics, the one mill

requires a more expensive combination of raw materials to produce the same final product.

Once again, as with parallel mills of differing efficiencys, it is clear that the production of the more
efficient mill (with regards to raw materials cost) should be maximised during normal operation.
However, combining TOU tariffs, raw material cost and dynamic electricity cost influences, this
problem also becomes too complex to analyse manually. Figure 14 shows an example of

combining the costs of both electricity usage and raw materials cost.

Figure 14 — Cost comparison of raw materials cost to electricity cost of operation

Figure 14 is compiled for a specific cement product and for a specific production target. It indicates

the cost spread with increasing utilisation of the more efficient mill and subsequently decreasing
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utilisation on the less efficient mill. It can be seen that the minimum cost is reached at a 75%
utilisation of the more efficient mill and a 25% utilisation of the less efficient mill, instead of the
initially assumed full utilisation of the more effective mill. When production targets fluctuate and
different constituents are produced, the production costs vary considerably. By integrating each of
these influences and rapidly re-evaluating the most cost effective solution, the plant can be operated
at the lowest possible cost. In a similar way, the cost of raw materials can be optimised when a pre-
determined quantity of coal is added to a raw milling circuit. Implementation of PTB in Case 4
produced a combined saving in electricity cost on the milling circuits and raw materials cost of

8.1%.

7. SUMMARY OF CASE STUDIES

Savings in these various forms combined to achieve the results shown in Table 2. These results

were based on a monthly implementation during the less expensive summer months. Integrated

modelling allows a production plant to operate more effectively and at a reduced energy cost.

Table 2 — Summary of savings achieved during the implementation of the ENMS

Actual operations Baseline cost Savings
Per annum Per annum Cost %
Case 1 $737 980 $752 694 $14714 14.8
Case 2 $655 596 $765 793 $96 323 14.4
Case 3 $1 677 552 $1 765 264 $87 712 52
Case 4 $2 037 433 $1 872 052 $165 381 8.1
Total $5 108 562 $5 155 804 $364 130 | 10.6

8. CONCLUSION
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Due to the large initial capital costs and the extended payback period for energy saving
infrastructure improvement, a novel approach was followed to effectively obtain energy and
emissions savings in the cement industry. All the components used to produce cement on a plant
are interlinked. Using this as a starting point, the study found that by modelling the entire system of
components and rescheduling their operations, energy savings could be obtained. A computerised
operations model was developed that integrated all the components of the cement plant, including
each individual constraint. Operational procedures were re-scheduled to optimise for cost savings.

This model was implemented by creating an ENMS that conforms to the ISO 50001.

During the investigation, the study found that electricity is the major form in which energy is
consumed by the cement industry. The energy analysis was extended to a national electricity
demand level. Energy and emission reductions were shown to be possible by changing the load
profile of the cement production plants. The TOU tariff structure corresponds to the South African
power demand profile. Implementing the developed ENMS resulted in a reduction in peak
electricity demand while optimising electricity costs for the cement plant. This new integrated
modelling approach, combined with TOU electricity cost saving and system characteristics resulted
in an overall energy cost saving. In addition to these savings, frequently updating the modelling
constants in real time, these savings can be obtained with dynamically fluctuating energy cost as

well.

Optimising cost and integrating different component characteristics meant that raw material costs
could also be incorporated in the model. This not only reduces energy costs and emissions, due to
lower electricity demand, but total cement production cost is reduced as well. The advantages of an
integrated modelling approach allow the cement plants to obtain larger total savings than when the

modelling and planning of operations of large components is done individually. Implemented
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studies clearly revealed the individual benefits of the system. The ENMS combines these benefits
to form an integrated solution and showed a 7.1% improvement in operations costs on each milling

system on which it was implemented.

The functionality of this new ENMS however is not limited to implementation on only cement
production plants. The results suggest that the application of the integrated modelling method and

the ENMS in different industries and on different production plants should be investigated further.
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