Modelling energy consumption in a
manufacturing plant using productivity

KPIs

Brian O Gallachéir

Sustainable Energy Research Group

Department of Civil & Environmental Engineering
University College Cork

Ireland

b.ogallachoir@ucc.ie

Caiman Cabhill

Sustainable Energy Research Group

Department of Civil & Environmental Engineering
University College Cork

Ireland

caimancahill@mac.com

Keywords
productivity; quality; Key Performance Indicators; OEE; OFE,
TPM; lean manufacturing, energy model, energy efficiency

Abstract

Energy efficiency initiatives in industrial plants are often fo-
cused on getting energy-consuming utilities and devices to
operate more efficiently, or on conserving energy. While such
device-oriented energy efficiency measures can achieve con-
siderable savings, greater energy efficiency improvement may
be achieved by improving the overall productivity and quality
of manufacturing processes. The paper highlights the observed
relationship between productivity and energy efficiency using
aggregated data on unit consumption and production index
data for Irish industry.

Past studies have developed simple top-down models of fi-
nal energy consumption in manufacturing plants using energy
consumption and production output figures, but these models
do not help identify opportunities for energy savings that could
achieved through increased productivity. This paper proposes
an improved and innovative method of modelling plant final
energy demand that introduces standard productivity Key Per-
formance Indicators (KPIs) into the model.

The model demonstrates the relationship between energy
consumption and productivity, and uses standard productivity
metrics to identify the areas of manufacturing activity that offer
the most potential for improved energy efficiency. The model
provides a means of comparing the effect of device-oriented
energy efficiency measures with the potential for improved en-
ergy efficiency through increased productivity.

Introduction

Many of the actions undertaken to improve the energy effi-
ciency of a manufacturing company are aimed at getting en-
ergy-consuming devices to operate more efficiently or at con-
serving energy within a plant. Such actions could include, for
instance, optimising boiler efficiency, installing energy-efficient
equipment, retrofitting fixed-speed motors with variable speed
drives, or improving insulation in plant and buildings. While
these device-oriented energy efficiency measures can achieve
considerable savings, greater energy savings may be achieved
in many instances by improving the efficiency of manufactur-
ing processes.

The simplest and most valuable measure of energy efficiency
achievements in a manufacturing plant is unit consumption,
or energy used per unit produced. Unit consumption provides
the best indicator of how effectively the energy consumed by
a plant is being put to use, and can be tracked over time to
measure energy efficiency improvements. If we define energy
used per unit produced as a measure of energy efficiency in a
manufacturing plant, then there are two complementary ap-
proaches to increasing the energy efficiency of a plant: reduc-
ing energy consumption, and increasing productivity. Factors
that reduce the productivity of a plant also reduce its energy
efficiency. The greatest source of energy waste in any manufac-
turing plant could be an inefficient manufacturing process, a
poorly planned production schedule, or poor product quality.
An energy management policy that focuses only on improv-
ing the energy efficiency of energy-consuming devices or on
energy conservation will not recognise or address these prob-
lems and will therefore have limited success. An effective en-
ergy management system should also incorporate energy sav-
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Figure 1: Relationship between production output and energy efficiency improvements — Irish industry 1995-2005

ings opportunities that can be realised by improving the overall
production efficiency of a plant.

This paper proposes a simple method of modelling energy
demand in a manufacturing plant using standard manufactur-
ing Key Performance Indicators (KPIs). The model will help re-
late energy efficiency to productivity, and existing productivity
metrics will help identify the areas of production activity that
offer the most potential for improved energy efficiency. Other
models incorporate productivity-related variables, but produc-
tivity is typically measured in terms of production output. If
energy efficiency can be improved through increased produc-
tivity, these models give little indication of how the improved
productivity could be achieved. Bieler et al (2003) use a simple
linear model to relate energy consumption to production out-
put. Carbon Trust (2008) explain how such a straight line mod-
el, using either production output or degree days as a driving
variable, can be used to perform a CUSUM sequential analysis
of change from expected consumption, to track energy perfor-
mance over time. Kissock & Eger (2008) develop a model that
disaggregates energy savings into production-dependent and
weather-dependent savings, as well as production and weather-
independent savings. Again, a simple quantity of production is
used in the model. Boyd et al (2002) develop a model that uses
the Malmquist productivity index to establish the relationship
between productivity changes and changes in pollution. With
this method, productivity changes can be disaggregated into
technical and efficiency changes. However, at a plant level, this
approach provides little information about opportunities for
productivity improvement.

This paper introduces commonly used productivity met-
rics, and proposes that these existing methods of measuring
the productivity of a manufacturing process can be applied to
plant energy model to better understand energy consumption
patterns and to identify productivity-related opportunities for
improving energy efficiency.

Industry-wide relationship between productivity
and energy efficiency

Using aggregated national statistics for industrial output and
energy use, it can be shown that a relationship exists between
productivity and industrial energy efficiency, measured as en-
ergy used per unit of production. Furthermore, the strength of
the relationship can be determined and the rate at which energy
efficiency improves relative to improvements in productivity
can be quantified. This can provide a useful benchmark for
individual companies to help them to determine the levels of
energy efficiency that can be achieved in their manufacturing
operations if productivity is improved.

Using indexed production output data for Ireland, published
by the Central Statistics Office (2006), and energy consumption
data provided by Sustainable Energy Ireland (2008), Ireland’s
national energy agency, an aggregate unit consumption value
can be calculated for each of 13 NACE-coded sub-sectors that
make up Irish manufacturing industry. To determine the rela-
tionship between productivity and energy efficiency at national
level, the historical unit consumption values are calculated over
the period of eleven years between 1995 and 2005 and the aver-
age annual change is determined. On a scatter plot, shown in
Figure I, the average annual change in production output for
each of the 13 sub-sectors is plotted against the corresponding
value for rate of change of unit consumption.

Generally, those industrial branches that demonstrate in-
creased energy efficiency over the period also improved their
production output over the same period, while sub-sectors with
declining output show deteriorating energy efficiency. To estab-
lish the relationship for the Irish industry sector as a whole,
a linear regression is performed on the displayed data points.
The regression shows that, on average, a minimum growth rate
of 1.7% in production output is required before any improve-
ment in energy efficiency is achieved, and that on average a
1% increase in the production index growth rate results in a
0.88% improvement in energy efficiency for the sector. Boyd
& Pang (2000) suggest that this relationship between produc-
tivity and energy efficiency varies substantially, depending on
the energy intensity of the sub-sector. However, the diversity
of the sub-sectors analysed here and their relative proximity
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to the regression line would indicate that the relationship is
similar for most sub-sectors, in Ireland at least. This provides a
high-level view of the energy efficiency improvements that are
likely to be achieved by an industrial sector that is becoming
more productive.

In the following section, a model will be introduced that can
be applied at an individual manufacturing plant level, to calcu-
late the energy efficiency improvements that can be achieved
through increased productivity. In contrast to the approach
above and the more conventional approaches for modelling
energy consumption in a factory, the proposed model will not
use production output directly to model energy consumption.
Instead, a productivity metric in common use in many manu-
facturing plants will be used as the driving variable for energy
consumption.

Developing a productivity-related energy model
for a manufacturing plant

UNIT CONSUMPTION

A simple top-down approach to modelling the energy effi-
ciency of a plant requires only energy consumption data and
production output data. The unit consumption value can then
be calculated according to the following formula:

UC = EC/PO (Equation 1)
where UC is the unit consumption, i.e. a measure of the energy
efficiency of a plant, EC is the energy consumed in a defined
period and PO is the production output, or number of units,
tonnes of product, etc., of mimimum acceptable quality pro-
duced in the same period.

Essentially, this approach treats the factory as one energy-
consuming device. When calculated over time according to
Equation 1, the unit consumption value can give some indi-
cation of improving or deteriorating energy efficiency. Howe-
ver, this method of modelling energy consumption at a factory
level is unsatisfactory, as it doesn't reflect the complexity and
interdependence of large variety of activities undertaken in the
plant. Such a method provides no information about wastage
or energy-saving opportunities in the plant.

A more useful calculation would differentiate between the
energy consumed by the plant that is dependent on the quantity
of units produced and the baseline energy consumption of the
plant, i.e. energy demand of the plant that is independent of the
level of production activity. Consider the following equation:
UC =B/PO + A (Equation 2)
where UC is the unit consumption, PO is the production out-
put in the period analysed, B is the baseline consumption of
the plant, and A is the amount of energy required to produce
one additional unit of production output. To calculate the total
energy consumed in the period, we can rearrange Equation 2
as follows:

Etot =A*PO +B (Equation 3)
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where E, | is the total final energy consumed by the plant during
the period. The values of E,, and PO are normally known. A
typical value for B can be determined empirically, by measuring
the power consumption of the plant at a given moment when
nothing is being produced, and multiplying by the time period
being measured to get an energy value. Alternatively, it can be
estimated by performing a linear regression of production out-
put data plotted against energy consumption and finding the
point of intersection on the y-axis. If B can be determined, then
avalue for A can be resolved. In an ideal plant, variations in the
unit consumption over a number of measured periods will be
accounted for wholly by changes in the production output, PO,
over the periods, i.e. the values of A and B in Equation 2 will
remain constant. In a real plant however, the values of A and B
will also change over time depending on other productivity fac-
tors, on climatic conditions and on variations in the efficiency
of energy-consuming systems. For the purposes of this paper
we will assume the values of A and B to be constant.

MINIMUM UNIT CONSUMPTION

If the values of A and B are unchanging, then the unit con-
sumption is at its minimum when production output is at its
theoretical maximum. As actual production output divided by
the theorectical production output is a measure of the overall
efficiency of a manufacturing plant, a performance metric that
measures this efficiency value could be used to determine the
mimimum unit consumption value in Equation 4 below
UC,.=n*B/PO +A) (Equation 4)
where UC, is the minimum theoretical amount of energy re-
quired to produce a unit and # is the production output divided
by the theoretical maximum production output. UC,  is the
is the unit consumption value when product quality is perfect
and product cycle times are at their maximum achievable. To
calculate the minimum value, a means of determining 7, the
production efficiency, needs to be found.

OVERALL EQUIPMENT EFFECTIVENESS

Total Productive Maintenance (TPM) is a lean manufacturing
programme that is aimed at maximising the productivity of
manufacturing equipment. TPM, first put forward by Nakajima
(1988) , incorporates Overall Equipment Effectiveness (OEE),
a statistical measurement tool that determines the efficiency
at which a machine or a manufacturing cell operates. OEE is
calculated according to the following formula:

OEE = % Availability * % Performance * % Quality
(Equation 5)

Availability is a measure of actual running time versus planned
production time. It accounts for losses due to downtime. Per-
formance measures the actual number of units produced versus
the theoretical maximum possible number of units that could
be produced. It captures losses due to plant running at sub-op-
timal speeds. Quality measures number of units produced that
meet minimum quality standards against the total number of
units produced. It captures losses due to poor product or proc-
ess quality, including losses due to rework. Normally, planned
downtime is not included in the calculation. However, given
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that plants consume energy during planned downtime also, a
minimisation of planned downtime will improve the overall
energy efficiency. Ljungberg (1998) argues for the adding of
planned downtime to the planned production time when cal-
culating the Availability.

Data collection for calculation of OEE may be done manu-
ally or automatically, or a combination of both. When imple-
menting OEE, the goal is typically to assess the impact and to
address the so-called “Six Big Losses” which are the most com-
mon causes for loss of efficiency in manufacturing. They are:

¢ Breakdown and downtime losses caused by machine faults,
unplanned maintenance and waiting times;

e Set-up losses caused by setting up of a line, retooling or
product changeover;

e Minor stops caused by obstructed product flow or brief idle
times;

¢ Reduced speed losses due to machines running below their
maximum theoretical speed;

e Losses due to start-up rejects and quality losses due to pro-
duction start-up;

e Production rejects and rework quality losses as part of nor-
mal production.

Each loss that occurs can be attributed to one of a number of
causes. For instance, a breakdown loss could be attributed to
a mechanical failure, a tooling failure, an electrical failure or a
software failure. As well as being used to calculate the OEE for
the production unit, this data can also be sorted to identify the
most common causes for loss of efficiency, and consequently of
loss of energy efficiency in the production unit, and corrective
action can be taken.

FROM OVERALL EQUIPMENT EFFECTIVENESS TO OVERALL FACTORY
EFFECTIVENESS

OEE is a useful tool for measuring the efficiency of a machine
or production cell. However, any metric that we use to measure
the energy efficiency of a complete production plant will need
to take into account the complexity of manufacturing opera-
tions and the interdependence of the machines and production
cells within it. For instance, a high efficiency statistic could be
recorded at machine level, but the operation of the plant as a
whole could be considerably less efficient. A factory-wide met-
ric, or Overall Factory Effectiveness (OFE), is required. There
is currently no standardised approach to calculating an OFE
indicator. A number of methods are being developed and ap-
plied mainly in semiconductor fabrication. Some of these are
presented and analysed by Oechsner et al (2003). Huang et al
(2003) use OEE to develop another plant-wide metric, Overall
Throughput Efficiency, (OTE). They show how Equation 5 can
be simplified to:
OEE = PO/PO,, (Equation 6)
where PO, is the theoretical attainable production output in
the period analysed. This is applied at a factory level to get a
definition for OTE, which is the ratio of total good produc-
tion output from a factory to the theoretical attainable pro-
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duction output from the factory in a period of time. Muthiah
and Huang (2007) then develop this further and propose a set
of four defined manufacturing sub-systems to map out the
manufacturing activities in a factory: Series, Parallel, Assembly
and Expansion. Each sub-system is made up of a number of
manufacturing cells for which OEE values can be calculated.
They develop an equation for OTE for each sub-system, based
on the OEE figures of the individual manufacturing cells that
make up that sub-system. If a factory comprises a series of sub-
systems, the OTE figures for the sub-systems can be combined
in the equation for a Series sub-system to get an OFE value for
the whole plant.

OFE is a measure of the production output of the whole plant
and we can therefore use it instead of production output, used
in Equation 3, to model energy consumption. The model would
then be
Etot =N *OFE +B (Equation 7)
Figure 2 is a hypothetical example of a plant energy model
where a weekly recorded OFE value is plotted against weekly
energy consumption. A linear regression will yield the coef-
ficients for Equation 7. Note that the value of B should be the
same as the that given by Equation 3 above, but that the slope
of the line will be different.

Maximum theoretical production output can be calculated
by replacing OEE with OFE in Equation 6:
POLh = PO/OFE (Equation 8)
The unit consumption value for any production output figure
can now be calculated as follows:

UC=B/PO+ N/POth (Equation 9)
When the unit consumption is its miminum, PO is equivalent
to PO,,. Therefore the lowest theoretically achievable unit con-
sumption value is given by:

UCmin =(B+N) /POth (Equation 10)

This approach to modelling energy consumption in a manu-
facturing plant has two main advantages over the conventional
approach of using production output. Firstly, it provides a
mechanism for calculating the minimum theoretical unit con-
sumption for a manufacturing plant, based on the maximum
theoretical production output figure given by OEE/OFE, and
thereby provides a best practice benchmark. Secondly, the
minimum theoretical unit consumption can be compared to
the actual unit consumption for any given period and the dif-
ference between the two can be apportioned to causes for loss
of manufacturing efficiency recorded by the OEE calculation
mechanism for that period. Thereby, the OEE/OFE metric will
highlight the problems in production which, if they can be re-
solved, will offer the most potential for energy savings. Using
hypothetical data, Figure 3 shows how the difference between
the actual unit consumption for a particular period and the
minimum theoretical unit consumption could be attributed
to the elements that are used in an OEE calculation, namely
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Figure 2: Plant energy model showing OFE versus energy consumption (hypothetical data source)
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Figure 3: Using OFE to account for the difference between actual and minimum theoretical unit consumption (hypothetical data

source)

Availability, Performance and Quality. With OEE, each of these
elements is further broken down to specific production prob-
lems or losses. For instance, Availability includes losses attrib-
uted to machine breakdowns, set-up of machine or product
changeover, missing paperwork, etc. Therefore, the amount of
wasted energy attributable to each specific problem, or loss,
can be quantified.

In the model, E, has been defined as a measure of the total
final energy consumption in a plant for a particular period. In

a similar manner, E,  could be used to represent the consump-
tion of a particular fuel type, such as electricity, gas or oil. The
unit consumption value would then represent the amount of
that particular type of energy consumed per unit produced.
Similarly, E, , could be applied to a particular type of energy-
consuming utility. For instance, it could represent the amount
of steam consumed in a period. Then the amount of steam lost
due to products rejected due to poor quality, or due to a mach-
ine breakdown for example, could be calculated.
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Discussion and Conclusion

A plant energy consumption model based on productivity
KPIs helps us better understand the relationship between en-
ergy efficiency and production output. A model using OEE and
OFE would additionally help us to identify the points in the
manufacturing process that are contributing the most to a re-
duction of the production efficiency, and consequently of the
production-related energy efficiency, of the plant. The model
presented here will help explain fluctuations in unit consump-
tion over time that were hitherto unaccounted for, and will
point to the factors that lead to the variances.

Bieler et al (2003) attempted to model the energy consump-
tion of a series of chemical batch plants using the formula in
Equation 3 above. When electricity consumption, for instance,
was modelled as a function of the amount of chemicals pro-
duced per month, a linear relationship was found for some
plants, while there was a poor correlation for others. The plants
showing non-linear relationships were typically multipurpose
batch plants, where different products and batch sizes were be-
ing produced from month to month, meaning that the level of
equipment utilisation in the plants varied considerably over the
period studied. A model such as that proposed in this paper,
which takes into account the utilisation of equipment through
a productivity metric, might help explain the poor correlation,
and could potentially provide a better fit for the recorded energy
consumption data. A model using OEE would identify which
equipment is being under-utilised through the Performance
statistic. Therefore, if the data had been available to model
electricity usage in multipurpose batch plants using Equation 7
instead, a linear relationship may have been observed despite
the varying energy intensity of the products produced.

In some cases, a linear relationship between production out-
put and energy consumption cannot be ascertained, due to the
time lag that can exist between the input of energy into the
product and the output of product from the plant. If the pro-
duction process for a particular product stretches over a period
of weeks, a plot of weekly production output versus weekly en-
ergy consumption is likely to be poorly correlated to the linear
model. On the other hand, if weekly OFE is plotted against
weekly energy consumption, then a stronger linear relationship
is likely to exist, as the OFE value for any week is deterministic
and represents the productivity of the plant in that week.

It should be noted that OEE/OFE is a measure of the op-
erational efficiency of a manufacturing line or plant. It is con-
strained by the maximum theoretical output of that plant. The
model gives a measure of the operational efficiency of the plant
“as-is’, and identifies opportunities for energy savings based on
existing plant and procedures. However, the theoretical output
of the plant could be further increased by technical changes,
such as the installation of newer equipment. If such modifica-
tions are made, then the plants energy consumption profile,
represented by Figure 2 for example, will change. Therefore,
the minimum unit consumption, ucC, ., must be recalculated
based on the new configuration. The change in minimum unit
consumption will give a measure of the improved theoretical
energy efficiency resulting from the plant modifications.

Similarly, device-oriented energy savings measures, or mea-
sures to reduce baseload or improve energy conservation, will
lead to a reduction in minimum unit consumption, uc,..
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Therefore, the savings brought about by these measures can be
quantified by measuring the drop in UC, . To compare the en-
ergy savings brought about by these measures with the energy
savings potential of increased productivity, one can measure
the drop in UC,  against the difference between UC, , and the
actual unit consumption.

While OEE is a well-established method of measuring manu-
facturing performance, there is no standardised approach to
calculating OFE at this time. Current developments include
applying the OFE metric at the factory design stage to opti-
mise production efficiency and avoid potential bottlenecks.
Similarly, the metric could be used at the design stage to model
the plant’s energy performance and to design a more energy-
efficient plant. The model could be further refined by applying
the formula to individual fuel types, such as gas, oil and elec-
tricity, or to energy consuming applications or utilities such as
heating, lighting and cooling.

The model needs to be tested on a production plant for which
energy consumption, production and OFE statistics are avail-
able. As the concept of an OFE is still relatively new, it’s unlikely
that there will be many plants that can apply the plant-wide
model in its current form. However, a smaller model using OEE
instead of OFE could be applied to a production line or cell.
This would not capture energy losses due to inefficiencies of
plant-wide manufacturing processes.
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CUSUM Cumulative Sum - sequential analysis tech-
nique

KPI Key Performance Indicator

NACE Nomenclature Generale des Activites Econo-
miques dans I'Union Europeenne - Euro-
pean standard for classification of business
activities

OEE Overall Equipment Effectiveness

OFE Opverall Factory Effectiveness

OTE Overall Throughput Effectiveness

TPM Total Productive Maintenance
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