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A Simple Energy Usage Toolkit from Manufacturingrdiation Data

Joel WilsoRd, Alan Arokianf, Hafid Belaidf, John Ladbrodk

®Faculty of Engineering and Science, University of&hwich, Chatham Maritime, Kent; and
PDunton Technical Centr&ord Motor Company, Essex

A fundamental problem in the management of enesgge is the inability to clearly predict
any possible energy saving opportunities. The gbbbth under or overestimating potential
returns on investment can be prohibitive to a desimaker. In recent years the simulation of
energy usage using existing manufacturing simulatols has increased in popularity
among researchers, but it is decision makers whkd tesee the benefits of this discipline.
This paper proposes an interactive manufacturimgggnmanagement toolkit which makes
use of existing productivity simulation models the prediction of energy usage. An
interactive Microsoft Excef’ based toolkit is developed to control Lanner's WESS’
discrete-event simulation software using MicroSaftsual Basi€ for Applications. The

toolkit has the ability to predict potential are@sere energy saving opportunities can be
made within a complex manufacturing line, and iseasible from management presentations
and proposals. The interactivity of the toolkit yides an environment which facilitates
efficient hypothesis testing. The paper includesdastrial case study where the approach
was used to quantify theoretical savings from aeraergy usage reduction scenarios within
a complex automotive engine manufacturing line.

1. Introduction

The cost of industrial energy used to achieve dggired product throughput is set to rise
globally in the foreseeable future, as illustrate&igure 1. This is mainly due to the ever
increasing cost of fossil fuels and the need toaicedgreenhouse gas (GHG) emissions
(International Energy Council 2012). Despite globfbrts to reduce energy usage, industrial
energy consumption is forecast to increase ovenéixéthree decades, especially in non-
OECD (Organisation for Economic Co-operation angdd@ment) countries, as shown in
Figure 2 (U.S. Energy Information Administration13).
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Figure 1: Predicted percentage change in end-lsgrieity prices from 2011 to 2035.
(International Energy Council 2012)
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Figure 2: OECD and non-OECD industrial sector agkd energy consumption, 2010-2040.
(U.S. Energy Information Administration 2013)

Energy efficiency measures can lead to reduced faetuing costs as well as improved
productivity and competitiveness but are not withibeir problems (Worrell et al. 2003;

Ryan & Campbell 2012). The International Energy @o(2012) state that a major barrier

to greater deployment of energy efficient techn@s@nd practices is a lack of awareness, or
“visibility”, by a decision maker such as a manag2epartment of Energy & Climate

Change 2012). How can decision makers be made a#aresrgy savings opportunities
within their facilities? Manufacturing systems éifffrom company to company and from
production line to production line making accurat@®rmation on which to base energy
savings predictions difficult to find (Duflou et &012).

There is a danger in assuming that all energyieffoy measures will reduce manufacturing
costs, only “realisable” concepts will have thiggrdial (Worrell et al. 2003). Therefore, a
structured approach is required in order to beffrefith any energy and cost saving
opportunities. Several methods are detailed iratlaglable literature (Abdelaziz et al. 2011),
but certification to the International Standardg&misation (ISO) 50001 standard has
recently shown promising results (ISO 2012; Bac#lehal. 2012). Bentley Motors became
the first UK automotive plant to achieve 1SO 50@@ttification. Using this framework a two
thirds reduction in specific energy per vehiclequeed and a 14% reduction for their site as
a whole were achieved (Straughan 2012). This stdrsfgecifies the requirements for facility
energy management system and follows the “Plan-Deci-Act” framework for continuous
improvement similar to the well-known 1ISO 9001 stard (ISO 50001 2011).

Computer simulation of manufacturing systems candsgl as part of an energy management
system to make the energy savings potential ofiitfamore visible. Nonetheless, energy
simulation remains, for the most part, an acadegsearch area despite computer simulation
becoming more accessible in recent years (Dufl@l. &012). Many manufacturing
companies have production simulations which haxesadly been built, run and validated
against actual production data (Jahangirian &(dl0). Typically the results of these
simulations must pass rigorous scrutiny from openstmanagers and manufacturing
engineers before being classed as ‘valid’ (Robir@%). Therefore, it seems a waste to



have to reproduce these complex simulations framtae for the analysis of manufacturing
energy usage which is the current the state chth@uflou et al. 2012; Thiede 2012b).
Where an existing simulation does not exist thenfiggld of manufacturing computer
simulation has developed refined methods to prodacarate simulations (Robinson 2004).
To reduce cost and complexity the energy usagelledicn can be carried out as a post
process to these methods.

The aim of this paper is to propose a method o&lbgping a post processing toolkit to reduce
the time and cost of energy simulation by use atistical data reported by the simulation
software. The toolkit calculates the electricalrggause of a manufacturing line for the
purpose of identifying potential energy saving apaities. The paper briefly reviews
current literature in the fields of manufacturingpslation and energy simulation. It

continues with an industrial case study where dloéis used to approximately predict the
electrical energy usage of a manufacturing line.

2. Energy Simulation

2.1 Computer Simulation

The simulation of manufacturing systems using cammsuhas existed as a management
decision support tool since the 1960’s thanks ¢oattivent of high level computer
programming languages (Goldsman et al. 2009; N&8argent 2002). The discipline of
simulation modelling has grown with the advancenofdern computer systems and the
development of Visual Interactive Simulation (VISych that its implementation can be
found in numerous areas of operations managemantranufacturing engineering to
supply chain management (Bell & O’Keefe 1986; Jagjréan et al. 2010).

Law (2007) describes computer simulation as ortbethree most important operations
research techniques. It can be both static; imtedi system at a particular point in time or
dynamic; imitating a system as it progresses thdungé (Robinson 2004). Modern dynamic
computer simulation is achieved by one of, or ator of, three techniqueBiscrete Event
Simulation System Dynami@ndAgent Based Simulatiqdahangirian et al. 2010;
AnyLogic 2014).

This paper is based on work for a large automatiaaufacturer who use Lanner’s
Commercial off the Shelf (COTS) discrete-event dation (DES) software WITNESS
(Hereafter referred to as WITNESS) as well as oftierosoft® Excef’ (Hereafter referred to
as Excel) tools to build, run and validate detaitgghufacturing line simulation models.
These simulations facilitate manufacturing lineigesy allowing the experimental analysis
of what-if scenarios. A set of key performance @adors (KPI's) the same as those used to
assess the performance of a real manufacturingmyate output from the simulation. This
allows the comparison of the simulation resultthtreal system output values. (Tjahjono &
Ladbrook 2011; Benedettini & Tjahjono 2008)



2.1.1 Disadvantages of Computer Simulation

The principal disadvantage of simulation modelimghe time and cost required to create the
models. Therefore, the cost effectiveness of thdetiog process must be established prior
to the commencement of the simulation project. Aappotential problem is due to the
“garbage in garbage out” (GIGO) analogy where satioh results may not compare with
reality due to errors in the input data. (Bankale2010)

2.2Energy in Manufacturing

Energy usage within a single manufacturing facitiéyn be divided into several levels as
follows (Hesselbach et al. 2008):

* Unit Process level: The individual machine toold #meir local ancillary devices such
as hydraulic pumps, extraction systems and coslstiems. The energy use at this
level is characterised by the electrical power aomgtion of the particular machine as
well as other forms of energy usage at the madewed such as compressed air and
liquid coolant.

* Process chain or Line level: An entire manufacwtine or group of machines
operating in unison. The energy usage at this lisvedjual to the sum of all of the unit
process level energies.

» Facility or Factory level: The energy usage at el is equal to the sum of all of
the manufacturing lines within a facility includitige support machinery or Technical
Building Services (TBS).

2.3Energy Simulation

This paper will concentrate on calculating the dated energy usagd value adding
manufacturing machinery from the process chaingaatsve. At the unit process level there
are a number of examples within the literaturersdrgy efficiency measures using
simulation (Duflou et al. 2012; Balogun & Mativeng@13). These solutions are important to
the overall field of energy efficiency research tygically require changes to machine tool
design, are difficult to implement in existing sysis, and lead to increased capital cost.

At the process chain level, a method of reducireygnusage within manufacturing is to
change the “standard operating procedures” by wiasburces are used. This is also referred
to as “energy aware process chain design and dbatrd there are several examples of this
thinking in the literature (Rager 2008; HerrmaniTBiede 2009; Weinert et al. 2011,
Pechmann & Schdler 2011). Although incurring lesgit@al cost this approach carries its own
potential costs, such as the ‘*hassle cost’ of gigvn to existing working production lines in
order to run experiments or to implement changepédtment of Energy & Climate Change
2012).

Overcoming these problems is one of the fundametedntages of computer simulation in
complex manufacturing environments; the abilitgée potential benefiteeforeany
expensive and potentially contentious changes ra@oged. Unsurprisingly, research into
unit-process and process chain level energy simulats increased in the past decade



(Heilala et al. 2013; Thiede et al. 2013; Wrighakt2013). Recent research by Thiede
(2012a) aimed at a holistic energy simulation widohsidered all three levels of energy
usage within a facility including all relevant eggrflows (such as steam, compressed air and
electricity). This work proposed a generic enerigyutation methodology built around the
multi-method capabilities of Anylogfic but required the construction of a unique agesed
simulation from scratch.

2.3.1 Disadvantages of Energy Simulation

Energy simulation adds further complexity, and ¢fi@re cost, to a standard manufacturing
model which may not be recuperated by the poteséiaings. With energy simulation input
errors could be in the production data or the endega complicating the troubleshooting
process (Solding 2008).

Obtaining accurate energy data from a manufactdimegcan be complicated due to the tools
and methods required, the amount of data requimddtee sensitivity of this data (O’Driscoll
et al. 2012; O’Driscoll & O’Donnell 2013). Also thmrriers to both simulation modelling
and energy management must be overcome beforeodemytial savings can be realised
(Robinson 2004; Cagno et al. 2013).

3. Proposed Solution

Simulation software packages such as WITNESS statestical machine utilisation
information while the simulation is running and gzat it as a report at the end of a
simulation run. In the case of WITNESS, this data be accessed from within the software
or by Microsoff Windows® (Hereafter referred to as “Windows”) applicati¢thsough

Object Linking and Embedding (OLE) automation usitisual Basi€ for Applications

(VBA). This statistical data can be used to deveapatic model of the system energy usage
after a certain amount of time enabling the appnation of the energy usage of a production
line by setting up a spreadsheet calculator.

A similar method was used by the SIMTER team whesented a toolkit which made use of
simulation data to calculate energy usage. Theirt@s also designed to communicate with
the simulation software, but little details of hh@cess used is given (Lind et al. 2008; Lind
et al. 2009). The toolkit proposed in this papédtdsuon this previous work by adding further
analytical functionality as well as looking at egyeusage over time to aid trouble shooting
and identification of further energy saving oppaities.

This paper considers the use of WITNESS for intéresther simulation software packages
the Institute for Operations Research and Manage8&ances conducts an extensive
biennial survey (OR/MS 2013).

3.1 Advantages and Disadvantages of the Proposed 8oluti

The advantages of this approach are that:
* A valid existing manufacturing line simulation chaa reused for energy simulation
reducing the possibility of one source of errothia energy usage results.



* One computer runs the simulation software whileghergy tool can be sent to all
computers which have Excel.

* Once created the energy tool can quickly recalewdach time a change is made to
the input data.

* The tool can be updated after each simulation run.

A disadvantage of this method is that the accudddlge total energy calculation relies on
averaging of the power consumption data for thegss level elements. Also data can be
collected that is not exactly representative ofgghdicular machine power usage such as
vendor information. In some cases establishindeaance for the final results may require
completing the first set of simulations and caltioles. A decision maker will then need to
consider the accuracy of these results to estabirgther more accuracy will be cost
effective. Giving a number for the potential acayraf this method is not possible as it will
be different for each study undertaken.

Although simulation reuse is proposed in this papisrnot without its drawbacks as a model
that is valid for one purpose may not be validdoother. For example, simulation models
are often created to test specific scenarios as@fibre cannot be reused to model the
general operation of the target system. Therefoigjmportant that the model is not reused
blindly; the validity of the model must be estabéd with regard to the objectives of the
study. The decision maker may deem that a modeadhikisimilar to the real system is
sufficient, despite being designed for a diffenemtpose. (Robinson 2004)

3.2The Manufacturing Line
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Figure 3: An example of a hypothetical manufactgiime

Figure 3 shows a hypothetical manufacturing limenf@nufacturing a major engine part. This
line consists of the following subsystems or “elats&



» Conveyor systems to transport the parts arountirtbe

» Robotic gantry systems to move the parts to theess/e machine tool

* Machine tool systems in the form of computer nugarcontrol (CNC) machines to
carry out the value adding operations

* Manual operation systems such as part assembly

» Buffer systems to store parts if need be

* And the parts themselves

3.3Discrete-Event Simulation and WITNESS
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Figure 4: A simplified diagram of the principle discrete-event simulation (Adapted from:
Robinson 2004).

WITNESS is classed as visual interactive discregnesimulation software. Models in this
simulation software are made up of “elements” wtaok imitations of real manufacturing
sub-systems. These are principally: machines, pasts/eyors, buffers, vehicles and
labourers (Waller 2012). The mechanisms of moddt§ Boftware are complex and in depth
explanations can be found in the available litega{Robinson 2004; Law 2007; Banks et al.
2010); however, the fundamental mechanism by wbIES works can be explained in short
as follows (as illustrated in Figure 4) (Law 20&®gbinson 2004):
1. The elements make up the simulation model.
2. These elements will assume certain “states” duaisgnulation run.
3. An “event” is an instantaneous occurrence resuitirggchange in the element’s state.
In manufacturing simulation the state changesraygered by the arrival of a part.
Parts are fed into the model at discrete arrivaé forming a queuing system.



4. In a discrete system the state changes occurattksgoints in time, hence “discrete-
event” simulation.

5. When the simulation is started these events asegla an “event list” and the
simulation clock advances from the time at the #sent to the next event time and
SO on.

6. The simulation software then executes the requaskis at each individual event.

The proposed solution will concentrate on the “Maehelement which in this case
simulates a manufacturing line operation. Tablsts the WITNESS Machine element
states, which are similar to the operational statesreal machine in a manufacturing line.
Each of these states can be assigned a duratimg ¢gihe DES software a start and finish
time. This allows the future start and finish esaiat be placed in the event list. (Law 2007,
Robinson 2004; Waller 2012)

State Description

1. Idle The machine is on-shift but it has not yetieed a part
2. Busy The element is processing a part for the oratf the “cycle time”
3. Blocked The part cannot leave the element andmmoatalong the process chain as
there is a blockage
4. Cycle Wait The cycle cannot complete as there is no laboutadla (for manual
Labour operations)
5. Setup The machine is warming up or ramping uptoobchange process is
simulated etc
6. Setup Wait The setup cannot complete as there is no labouiabiea
Labour
7. Broken Down The machine is broken down. The breakdibequency is due to the “Mean
Time Between Failures” (MTBF) and the duration tlu¢he “Mean Time to
Repair’ (MTTR)
8. Repair Wait The repair cannot complete as there is no labaaitadole
Labour
9. Off-Shift The machine is shutdown

Table 1: The WITNES®machine element states (Lanner Group 2013)
3.4 Calculating Energy Usage

3.4.1 Power Data Collection

The proposed solution has been developed usingumeghslectrical “real power”
consumption data. However, the method is applicibtgher energy flows measured as a
rate with respect to time.

Power consumption data can be obtained by usesnfgmlata logging equipment, collecting
data from machine vendors as well as collectirggdifcle assessment (LCA) data (Lind et al.
2009). The methods of collection and the tools ireguare detailed in (Kara 2011;

O’Driscoll et al. 2012). Power consumption datsyjscally represented on a time series
graph as shown in Figure 5.



In the example in Figure 5 the power consumptioa ofanufacturing CNC machine was
sampled at one-second intervals. Energy data Iggegiipment will sample power
consumption at varying frequencies. Increasingstrapling frequency of the data logger
will improve the resolution of the time series draput will incur added costs. A balance
must be agreed based on the specific requireméths study to avoid investment in
unnecessarily costly equipment (O’Driscoll et &12).

Machine Power Usage

Busy Time Idle Time Machine Power

20000 -
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16000
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12000
10000 -
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4000
2000
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Figure 5: Time series of the power consumption wiaamufacturing CNC machine

3.4.2 Calculating Energy

Essentially, electrical power consumption is the i electrical energy usage of a machine
tool, conveyor or entire manufacturing line witlspect to time. Therefore, Electrical energy
usage is equal to the product of the Power Consompt load P) and the time period or
duration T, provided the load is constant (El-Sharkawi 20M)re in-depth explanations of
power calculation in Alternating Current (AC) ellecal supply systems can be found in the
available literature (Herrmann et al. 2010; Kara20

E=P(W)xT (h)=PT(Wh) 1)

In the case of a varying load the electrical en€E)ys the integral of the power
consumption profileR) over the time periodT{. (EI-Sharkawi 2013)

E= [, dt )

A simplified method of approximating the energydigeiring a value adding cycle with a
varying load is to average the numerical valuethefdiscrete samples over the time period
agreed as the ‘cycle’ (Solding 2008).



3.4.3 Calculating the Time Period

In order to calculate the simulated energy userofahine element the percentage of total
simulated time period that the element was in tacestate is required. The total simulated
time period can be the total simulation run timeligcrete time segments within a simulation
run.

First the individual state time period sutq,{) is calculated for the particular machine:
tsum = Xr=1tr 3

Where t' is the individual state time period aml s the total number of state occurrences
within the study time period.

tsumiS then divided by the total simulation time pér{@) to give the individual state
utilisation percentageSUP) for a particular machine. All of the utilisatipercentages for a
particular machine must add up to 100%

tsum
SUP = (“2) x 100% (4)
At the end of any simulation run WITNESS solves &@ns 3 and 4 automatically and
stores the results for each machine element gsoatre

3.4.4 Calculating Machine Energy Usage

These SUP values can now be substituted into Equation dive the approximate energy
usage for the particular state and can be repéatéde remaining states. The energy usage
of an individual machin&,, over the study period is the sum of all of theéesemergies:

SUP,

En = $7=a(P % (550) X D) (5)

WhereP is the average power consumption for the particsti@e anah is the total number
of states for the particular machine. The totargneisage for the manufacturing line is then
the sum of all individual machine energies

3.5Developing the Excel Tool

The simulation report can be imported by manuadlyying the data from the WITNESS
statistical report window and pasting it into arcBixspreadsheet. The data can then be easily
manipulated manually to make the requisite caleutatusing Equation 5. However, the
process can be automated to improve repeatalilig. way a spreadsheet pro-forma can be
maintained, while the simulation data is importgctlhck of a button. The utilisation
percentages stored at the end of a simulationaartleen be used to approximate the energy
usage by use of Equation 5; however this will ylsingle energy value and the energy
usage ‘behaviour’ of the system under study islowe&ed.



To find the energy behaviour of the system the nepoist be accessed at discrete points
during the simulation run such as every simulatar hThis allows the analysis of ‘how’ the
energy was used by the system over time. The Mtarhabart in Figure 6 shows an example
of this analysis. In this example the simulated afacturing line total energy usage is
calculated after each hour. The result is thenrs¢pé into busy, idle and broken down states
and compared with the number of parts producedhéyine. It would be impractical to
attempt to perform this task manually; hence nasessary to automate the process.

Simulated Energy Usage per Hour
mmmm kWh (Busy) — #zzz2 kWh (Down) — mmmmm kK'Wh (Idle) Jobs in the Hour
300 180
160
250
140
= 200 120 3
7 &
< 100 %“
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20 <
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- 40
50 §%
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0 0
Time (Days)

Figure 6: Simulated energy usage over time

3.5.1 Visual Basic for Applications

VBA is an application automation language which éaslved from Microsoft BASIC®
(Beginner’s All-Purpose Symbolic Instruction Cod&ltomation is achieved by VBA'’s
ability to interact with the “object model” of thest application such as Excel, as well as
other Windows applications which host VBA. VBA elhebintercommunication between
applications within Windows, such as between Eaoel WITNESS, by access to the Object
Linking and Embedding (OLE) automation infrastruetuAs VBA is an “OLE automation
controller” it can control other Windows applicaig) whereas WITNESS is an “OLE
automation server” as it can be controlled, buncaitself control other applications. OLE
automation is nowadays simply referred to as “aatiion”. (Lomax 1998; Mansfield 2008)

WITNESS has a suite of OLE commands or methodsiwtan be executed in VBA. Table 2
lists a selection of WITNESS OLE commands. Usirg\WITNESS OLE command ‘Report’
the WITNESS utilisation reports can be added tcaittere computer operating system
clipboard as text and then pasted into Excel usin@®A procedure. Once pasted in Excel the
report appears as shown in Figure 7. The utilisadita is contained within the cell text



string and can be accessed using VBA's string maaijon functions and then placed into
the requisite cell in the spreadsheet. The totatggncan be calculated by use of Equation 5
as formulae in the spreadsheet

OLE Description

Command

Batch Runs the model without display
to a specified time

Function Executes a function in WITNE$S

Pause Pauses the simulation run

Report Outputs a report as text

Resume Resumes the simulation after
being paused

Run Runs the simulation with displaly

Stop Completely stops the simulatiop
run

Variable Accesses and sets data in a
WITNESS variable

WCL Allows changes to be made to the
model such as adding and editipg
elements

Table 2: WITNESSOLE commands (Lanner Group 2013)

1
1 |OP10_Gantry
2 14 25.79 Busy :15.63 Blocked : 1.67 Setup : 0.00
3 Setup : 0.00 Cycle : 0.00
- Down :56.92 Repair: 0.00
5 Off-Shift : 0.00
& |OP10_CNC
7 14 59.83 Busy :30.99 Blocked : 0.00 Setup : 0.00
8 Setup : 9.18 Cycle : 0.00
9 Down : 0.00 Repair: 0.00
10 Off-Shift : 0.00

Figure 7: The WITNESSHtilisation report once pasted as text in Excel

Figure 8 shows an example of an energy use cateutatthe machines in a hypothetical
manufacturing line. The calculator makes use ofkthmulation utilisation percentage and the
average power consumption for each machine to leadctotal energy and energy per part
produced (or specific energy). The calculator ideklinputs for the cycle, idle and down
energy levels and also includes inputs for thréemstates namely:

* The load and unload percentage: This is the duratidime that a machine is waiting
to be loaded or unloaded by a robotic system apanator. This is essentially
machine idle time, but it is idle time that caneasily be converted into energy
saving time.

» The energy saving percentage: This allows testirsgwhat-if scenario where a
machine switches to an energy saving mode. Herasiecan theoretically convert
idle time into energy saving time to see the paatbenefits of this type of energy
optimisation technique.



» Off-Shift Percentage: Not all manufacturing mackiaee shut down during off-shift;
therefore, a value can be input to calculate tleggnusage during this time.

Using VBA and automation any changes to the sinaratan be added to the calculator
automatically. Also as all of the calculation is dautomatically in Excel the tool is
interactive allowing a decision maker to see imragdresults on changing the value of the
inputs.

Total Energy (30 Days) = 165.1 (MWh) Energy/Part = 8.31 (kWh) - Energy Save = 6.37%
Break | Load/ LR
Busy % Idle % Down % Unload % saving %
Mode %
OP40A(Gantry) 3.5% 96.5% 0.0% 0.0% 220 1.10 0.55 0.11
OP40A CNC Operation 76.7% 10.5% 2.8% 0.0% 10.0% 12.36 8.92 4.50 0.89
OP40A CNC Operation 76.5% 10.7% 2.8% 0.0% 10.0% 12.36 8.92 4.50 0.89
OP40A CNC Operation 76.9% 10.6% 2.5% 0.0% 10.0% 12.36 8.92 4.50 0.89
OP40B(Gantry) 3.5% 96.5% 0.0% 0.0% 2.20 1.10 0.55 0.11
OP40B CNC Operation 76.4% 10.4% 2.9% 0.0% 10.0% 12.36 8.92 4.50 0.89
OP40B CNC Operation 76.7% 11.2% 2.3% 0.0% 10.0% 12.36 8.92 4.50 0.89
OP40B CNC Operation 76.4% 10.3% 2.8% 0.0% 10.0% 12.36 8.92 4.50 0.89
Turntable11 Turntable 4.6% 95.4% 0.0% 0.0% 0.50 0.00
Turntable12 Turntable 20.7% 79.3% 0.0% 0.0% 0.50 0.00
OP50(Gantry) 26.3% 73.7% 0.0% 0.0% 2.20 1.10 0.55 0.11
QP50 CNC Operation 74.9% 9.8% 1.8% 5.5% 8.0% 12.34 9.82 4.50 0.98
QP50 CNC Operation 75.0% 9.9% 1.7% 5.5% 8.0% 12.34 9.82 4.50 0.98
OP60(Gantry) 23.1% 76.9% 0.0% 0.0% 2.20 1.10 0.55 0.11
OP60 CNC Operation 75.8% 7.9% 8.5% 2.8% 5.0% 10.26 7.79 3.60 0.78
OP60 CNC Operation 75.3% 9.0% 7.9% 2.8% 5.0% 10.26 7.79 3.60 0.78
OP60 CNC Operation 74.3% 9.0% 8.9% 2.8% 5.0% 10.26 7.79 3.60 0.78
OP60 CNC Operation 75.4% 8.5% 8.3% 2.8% 5.0% 10.26 7.79 3.60 0.78

Figure 8: The energy usage calculator in Excebfbypothetical manufacturing line.
Showing average power consumption data and theatidn percentages for each machine.

3.6Validation

Simulation involves imitating a real system; theref the results of the simulation study
must be validated. Validation aims to ensure thathodel is sufficiently accurate with
reference to the purpose for which the model tsetsed. Thus, the purpose of the model
must be known before it can be validated. If theleids given the objective of achieving an
output KPI within 5% of the real system and it &sfas this then the model is valid for its
specific task. (Robinson 2004)

3.7 Testing Hypotheses

It is possible to test three different energy sgvirethods with the Excel energy tool without
having to rerun the simulation and these are:

1. Adjusting the average machine power consumptiothigicase the six average power
values for the machines in the line can be chatgede the effects on the total
energy usage. The accuracy of these inputs wékathe accuracy of the total energy
calculation, but these values can be updated as atmurate data becomes available.

2. Convert idle time into energy saving time: The tght cell in Figure 8 shows the
percentage “energy saving” that was achieved imip@thetical line example by
replacing approximately half the machine idle twith energy saving time at a lower
average power level (approximately 6%).



3. Changing the utilisation percentages to hypothktiglhies: This step would not be
advised as it would corrupt the simulation repatiadout may be useful as a quick
test.

Numerous other scenarios can be tested by makempels to the model and rerunning the
simulation.

3.8 An Interactive Energy Usage Presentation

Average Average
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Figure 9: An example of an interactive MicroSoftowerPoirit presentation slide.

In the same way that Excel can control WITNESS,rboff® PowerPoirit can control

Excel by OLE automation (Lomax 1998; Mansfield 2D@8gure 9 shows an example of a
simple presentation slide which was used in anggn@@anagement meeting. The user was
able to make changes to the machine data withimtoeufacturing line by indicating the
name of the operation and the average cycle apgmliver usages. On clicking “Calculate” a
VBA procedure transferred the data from the textesao an Excel calculator such as the
example in Figure 8 and a new result was returned.

4. Manufacturing line Case Study

An energy tool similar to the example in Figure &svereated for the purpose of predicting
the energy usage of proposed future manufactuimeg.l The energy management team
wanted to establish the accuracy of the tool goetain limitations and assumptions
(discussed below). To this end, the energy tool weesl to model the energy usage of an
existing manufacturing line.

There was no access to power consumption datatfirerine at the machine level but power
usage data was available from the main supply basbais created an opportunity to
compare the energy usage calculated by the eneogwith real manufacturing line data as a
method of validation. The busbars principally siggbimanufacturing machines; therefore
the sum of the busbar supply data was approximatghal to the line energy use. However,
some assumptions had to be made as the data feobugivars was collected remotely from



an on-line database. Information on the how thehimas were connected to the busbars was
based on original design data.

At the machine level power consumption data wakectdd by the energy management team
from various sources such as measurements fromingsciunning similar operations to the
machines in the study and machine vendor informafitne WITNESS simulation model for
the line was already complete as it was creatguadf a previous manufacturing
productivity project. Using a VBA procedure contampWITNESS’s OLE automation
commands the simulated utilisation percentagedohenachine was collected for each
simulated hour.

4.1Validation

Initially a single value for the simulated spec#isergy was calculated using the toolkit and
compared with a real manufacturing line sample withdifference being 13%. In order to
understand why there was such a large differensastnecessary to know ‘how’ the energy
was being used over time by the two systems.

Figure 10 shows the total energy usage calculatedach hour of a two-week simulation

run, which includes off-shift time (in this caseekends). The total energy usage per hour for
the value adding manufacturing machines and presesas separated into the busy, idle and
broken down energy usages. The following assumgtizere necessary in producing this
profile:

* The balance of the simulated manufacturing line adjssted to achieve an average
monthly output similar to the recorded output @éal manufacturing line.

» The power consumption data for the machines wepeoapnations based on data
from similar operations being carried out at otblants and vendor information on
the machine power usage.

» The average power usages of the conveyor systednsnanvn manufacturing support
systems connected to the busbars were include@guéstly. The energy usages of
these machines were considered constant to sintp&fgalculations during the
simulation run.

» Off shift average power was also input as a consisage and was approximated to
the average of the real line weekend data.

After analysing the real data it was found thaargé TBS machine was connected to the
‘machine’ busbars. The usage of this machine was temoved from the real data as the
machine was not being used during winter monthso Ate list of support machinery
attached to the real line busbars was not compkethis would have required a full line
energy audit. This was deemed unnecessary givelDi#tetolerance as sending
environmental engineers to site would be costhi@nhattan plot of the total energy
consumption per hour of the real manufacturing tmer a two-week period is shown in
Figure 11.
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Figure 10: Total energy per hour for the simulatexhufacturing line.
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Figure 11: Total energy per hour for the real mantufring line measured at the electrical
supply busbars.




Data Total Energy Total

Sour ce Used (kWh) Parts

Real 179,452 18102 9.9
Result
Simulated | g8 995 18752 105 5.9
Result ' ' '
Table 3: A comparison of the results from a 28deutation run and a real manufacturing
line study.

Given all of the assumptions mentioned above tha @r the average simulated specific
energy usage compared to the real data was apptetin% for a 28day comparison. The
simulation result over predicted the specific egarge by 0.6 kWh. This is contrary to
Figure 10 and Figure 11 which indicate that theusation was under predicting the energy
usage per hour. Comparison of the hourly data stidlaag this anomaly was due to the
number of non productive days which occurred dutimg28 day real data sample, meaning
that the real line was making more parts duringipotive hours than the simulation was
predicting as the simulation was not matched teettaet same period as the real data.

In this case study there was no requirement tbidurimprove the accuracy of the simulation
results as the tolerance was set by the energygearent team at 10%. This figure was
considered sufficiently accurate as the team wanegpily interested in using the tool to
approximately predict the energy use of future gotg and the magnitude of the percentage
change due to potential energy savings hypotheses.

4.2 Energy Saving Hypotheses

Total Energy Total

DataSource | ooy (kWh) | Parts
Simulated Result 198,995 18952 10.50
Simulated Result
with Energy 148,905 18376 8.10 -22.8
Saving

Table 4: A comparison of the results from a 28deutation run with and without energy
saving hypotheses.

With the simulated energy usage calculation rdallihg within the target tolerance it was
possible to predict a theoretical potential enesaying of approximately 23% for the
manufacturing line during the particular study pdrby applying the following hypotheses:
» Converting half of the idle time to energy savimgd and adjusting the energy saving
average power value to 10% of idle.
* Resetting the line balance to its full design c#ydo reduce the idle percentage by
changing shift patterns (Increasing value addinggrgage).

In this case the manufacturing line was not run@ainigs design capacity due to low demand,
causing larger machine idle time percentages asefibre, larger potential savings were
possible than would normally occur. These proposal® the most realisable of the



hypotheses; however, even these would not be Btrimgvard to implement in a complex
manufacturing line. This problem is endemic withianufacturing as modern manufacturing
lines are designed with the principles of lean nfiacturing in mind where machine
“availability” is paramount. It is not the intentief this paper to discuss the virtues of lean
manufacturing but to find a potential theoretica¢ryy saving figure to work toward, as you
cannot change the dominant philosophy without araleason.

5. Conclusion

The method of energy simulation proposed in thigepas most beneficial to companies who
have existing simulations of their manufacturingeh; however, the approach can be
extended to new projects as the energy analysmnigpleted as a post process to the
production simulation model development. Using dation report data to approximate the
energy usage of a complex manufacturing facilitgved the modeller to complete the initial
simulation validation without potentially cumbersemrocesses weighing the simulation
down. However, as with all modelling the accuratyhe proposed approach is reliant on the
availability of accurate input data and the vajidif the model used.

The toolkit proposed in this paper introduces deractive approach to the presentation of
energy simulation results. It was noted duringdage study process that the interactivity of
the spreadsheet allowed manufacturing engineersnandgers who had no previous
involvement in manufacturing simulation to seeltleaefits of the discipline. As well as
interactivity and simulation reuse the toolkit preted in this paper makes further
contributions by including more useful machine gyarse states and details a method of
viewing how energy is being used by the simulat@tufacturing line over time and by each
state. This allows a clear comparison with the liealenergy usage to be made while
highlighting waste such as excessive energy uskewiachines are idle.

Further research in the area could extend the fusgch a post processing toolkit to include
environmental considerations which exist as a tinesult of the manufacturing line being in
operation. Due to licensing constraints this wodswmited to the use of WITNESS but
there is a need for a comparison of other simulgtiackages from an energy simulation
perspective. Finally research is required into la@aurate energy simulation should be, and
at what point does the pursuit of accuracy incureramsts than the potential cost savings?
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Highlights

* An interactive manufacturing energy managementitopftoposed

» Can predict potential complex manufacturing ene@ying opportunities

» Accessible from management presentations and patgos

* Tool Interactivity provides an environment whicleifdates hypothesis testing
* An industrial case study shows savings from enasgge reduction scenarios



