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Energy efficiency can often learn much from manufacturing in
terms of available analysis techniques, from basic time series
analysis through to fuzzy and knowledge based systems and
artificial intelligence. On the other hand, manufacturing in many
sectors has yet to make use of energy data much beyond finance.
Techniques such as complex event processing and data stream
analysis can be applied in near real time to determine process
health. Conventional energy data, with a half-hourly time
interval through fiscal metering, has been sufficient for off-line
process control in the past, but to increase the utility of
manufacturing energy data, a step change is needed in data
frequency, accuracy, precision, portability, and documentation.
This paper brings together co-dependent issues of data structure,
data quality, and front-end instrumentation which advanced
processing techniques must build on, discussing what must be
done to use gather and use energy data more effectively, to
reduce ener gy use and emissions, improve quality, and save costs.
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Introduction

In the UK, 44% of energy is used by activities witbuildings
[1], and around 54% of this is from manufactureen€rally
speaking, specific energy use for many modern ptiaiu
methods can drop [2], which bodes well for pressiegds to
meet greenhouse gas emission targets, meet anyatjege
shortfall, and to save industrial energy costs. gubed
metering is a useful way to keep track of energy, gathering
building energy data remotely (typically half-hgdrland is
increasing in use [3]. While mainly currently usked billing
purposes, it offers useful datasets to study enesgy4-5], and
ultimately massively streamlined ways to find eesgvings
[6-7]: Building and manufacturing control faults ncabe
identified [5, 8] such as those causing buildingvises to run
unnecessarily (e.g. over-cooling, unoccupied hggtim some
cases up to 30% of an estate shows unoccupiedt(pigh
weekend) heating [4-5], compressed air product®mlso a

with improving its usefulness. High level energgmagement
standards are becoming well documented, showingeptoes
e.g. [15-16] and performance metrics, and enerfjgieficy
prognosis [17]. However, format conversion stilkés much
time, and inconsistencies in documentation, and daiality
cause major reliability issues [5]: When analysingeta
datasets, inconsistencies become clear even intiaota
methods for such fields as addresses [4], or nmgtepoint
numbers, such that results (and even their inpgbt@rnment
policies) are skewed by e.g. double counting. Alsitical
data can be ignored, because inconsistent forrgatiiiten
means that a database server is not capable oégwmiag it.
Data quality issues arise for many reasons, theé nwamon
being transmission inconsistencies where data iceng@ps, or
artifacts [4]. This becomes more common in fae®nvhere
EMI can be high. As new energy data analysis tegles
emerge [12], automated processing benefits fromsistent
data with automated error detection [7, 12-13].taDstructure
becomes crucial, notably an understanding of how
measurements may be grouped together. For example,
electrical power is easily measured for a singlehire [18]
but gas use may only be available for a whole mgld

Gathering enough energy data to control productias
been historically difficult and costly, but instrentation costs
have dropped in recent years. Key to the improsess of use
(and deployment) of sensing systems is the ideanmf-
invasive instrumentation [19]. To Ilimit productiotine
downtime, rapid deployment is obviously useful, &hi is
where non-invasive technologies come in. Theseudw;l for
example, ultrasonic fluid sensing and clip on aurrgensing.
Improvements in industrial computing make it cdftaive to
pre-process high frequency sampled data on thevfth, near
real time processing of streaming data, i.e. commeent
processing [20] and using sensor fusion and fuzmtems
[21]. This means that should an energy fault, or a
manufacturing fault be detected from energy datacan take

common example of detectable plant running outsidgction well before excessive scrap and (energy)tagas

unoccupied times. Electrical baseloads can be ifght and
reduced by up to 20% [9], sometimes using quite-tieet
interventions such as switch-off campaigns. Metalymes
enable us to gauge the energy use of entire conmahesctors
[10]. In general, analysis of these data offersotemtially
massive benefit to building users, designers, tiesli and
policymakers in understanding building energy wgetgb, 7,
11-14]. There are numerous uses of high frequemeyrgy
data, yet common problems include compatibility weestn
datasets, data quality, and completeness [15kdbimes clear
that improving compatibility of energy data is spgmous

occurs. This clearly offers cost and environmeathlantages
over off-line methods of energy and production nggamaent.

Once energy data documentation is fully understood,
applications beyond ordinary energy management rbeco
easier. Energy use is of increasing interest oatsiaditional
heavy industry (such as steelmaking), and is ameasing
proportion of costs in many areas, e.g. semicomduct
manufacture [22]. In many industrial processes gitteal time
that machines are running can be relatively shaitt) time
waiting for fresh parts or material to process, tooling
changeovers. This leads to machines running omllsyamvith



no useful manufactured output. It is possibledentify modes
of energy consumption directly from energy data,icwh
generally apply to the type of appliance examirseth as idle
(continuous), idle (intermittent), runtime and oudt[23] for a

machine tool, or running, active standby, passtaadby and
off for a generalized electrical machine [9], anel @an ensure
low power modes whenever possible. Load shiftingobees

possible, to schedule heavy loads against variatée tariffs,

and also companies approaching their supply limgtable to
schedule certain tasks to obviate supply upgradtsdds].

Ultimately, process health is revealed by studyjpagwer

consumption. Examples include increased elegtrieste for

blunt tooling, or increased power needed to pumid through

contaminated piping. Figure 1 shows the basic ephof

using energy data to reveal process health.
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Figure 1: Basic principle of energy data as a mactufing
process variable.
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Another form of energy analysis based on the setamaf
Thermodynamics is Exergy Analysis. As well as odffgrthe
usual efficiency gains, Exergy Analysis can alsdé as a
quality control parameter processes that requirgimizing
temperature gradients within the final product.sTbffers an
extra incentive for deploying online monitoring &yss.

. DATA STRUCTURES

The authors have explained [24] that energy datetsire
issues while apparently complex, fall into four maireas:
Temporal (e.g. time and date issues, handling time=n data
errors), Accuracy and Precision (including senslagices and
energy data quality), Data documentation (e.g. iplidts for
kWh, factory zones), and operational documentatfery.
known down-time, data transmission issues). Fotalyasome
standard approaches exist which can guide us:
International Standard for spectral data excha@g¢ gives a
good example of a data structure specifically aimiecbmplex
data transmission. We must remember that timestaanp
likely to require resolution down to seconds, and must
ensure, or at least be sensitive to compatibiliiyh wveek
numbers. Free running sampled data (e.g. millisggp
however can be assumed to be processed and logteder
intervals before storing in energy databases. i@t this
phase is to specify the accuracy and precisiofintdstamps,
and latency [26]. Following on from this, thereyrae non-
transmission periods a standard reporting methodeeded,
requiring similar error codes to those describedRif]. Even
low-level data transmission can carry equipmentustaising
appropriate keywords [28] and using appropriateesotbr
phenomena such as power (factor), current and galtand

The

fiscal meters may be treated as a credible refer§z@], and
measuring procedures can be specified to applieved [30]
and an extensible data structure facilitates this[81] offering
appropriate descriptors. An extensible data strectith event
reporting capability exists [26, 33-34], and whiémed at
supply-side electricity distribution, suggests apprapriate
system for energy event reporting, hierarchy dpsms. A
new standard structure can build on this usefukwor

A. Disaggregation
Figure 2 represents results of a thought experintent

identify energy feeds in a generalized factory. vdle of

by

disaggregation possible are balanced
instrumentation as much as need for clear data.
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Figure 2. Energy related Factory Building Services

The type of data structure we need in manufactweirgrgy
analysis is closely linked to these issues of djsagation.
While aggregated energy use at sector level isuldef
policymakers and utilities [2], and it is clear thea common
language of performance indicators is needed betseetors,
describing where energy flows around a factory b a
more interesting challenge. It is clearly harder manage
energy for a process when some services are shateeen
machines, production lines, and manufacturing zones
Machine level energy feeds can be easily brokenndmne.g.

available



electrical with possible local hydraulic and vacyymeumatic,
all with electrical feeds [35] with this caveat, entralized
services include, lighting, air conditioning, heati fume
extraction, centralised swarf removal and most lisua
compressed air. We need to distinguish betweeldlitg
services energy feeds, those for manufacturing atael
technical building services, and energy directlyedusby
production machines.

Il.  ENERGYDATA QUALITY

Figure 3 shows the entity relationships for a tgpenergy
dataset. When logically presented, we see that da@
structure falls into four sections: temporal datecuracy and
precision of data, supporting documentation, anerggndata
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Figure 3. Energy data entities.

The entities from Figure 3 may be distilled thus:

A. Temporal

Date formats, time stamping and sample rates,vitad to
energy data, but often error prone, so commonlpmesaata
may not be analysed. It's common practice to $uitstdata
from similar periods, or interpolation is used wibme detail
loss [6]. A minimum acceptable data quality leveluld
(should) be stipulated for time stamping in reliépiand
precision, but also procedures described for hagdilif data
errors, and logging them. Basic telemetry systeefishility
should be stipulated, whereby should data dropotgss a
threshold, cleaning is abandoned in favor of cadivecaction
on hardware or software.

B. Data Accuracy and Precision.

Even for a clean, error free dataset, another ahimihg is
that accuracy and precision of time stamping aretggndata
are rarely quantified. One example is that thecbaature of
(low power) electronics in conventional energy ditggers
alows some time errors to accumulate. One upshtiti® is
that half hourly data, for example, may not be réed on the
half-hour, hampering analysis and requiring resampl
Transducer accuracy and precision is also impqrtéot
example current transformers (CTs) for electricitgnitoring,
are unreliable for certain low currents, dependingthe units
peak load. Climate data is widely used calculatibpredicted
loads and outside air temperature (and other weafhvebe
location should be documented. Where transmisslomgouts
occur, this may produce, apparent zeros in consamplata,
followed often by a very large accumulated spikeemwh
transmission resumes. This hampers analysis cmaity, but
could be circumvented with a flagging conventiom,allow
skipping over faulty data, or to trigger data ciegn

C. Operational Documentation

This is needed so that energy feed descriptorsgatabase
specific operational data, also performance isdoastime for
radio telemetry apparatus are known. Documentatian
include user accounts, permissions and privilegesldtabase
access, details of access to metered zones, lgsldin sites
and data gathering hardware/software maintenareasates.

D. Data Documentation

This should be stored within an energy datasetalipt
energy and fuel types, (e.g. gas caloric values),anversion
factors to kWh. Any data structure must be openth®
inclusion of tariff information, for compatibilityvith variable
rate tariffs and load leveling.

Ill.  INSTRUMENTATION

Introducing submetering, and heavy disaggregatidén
energy feeds in factories has potential to be ooreplicated
than in other commercial buildings, because of cost
production loss, safety issues at time of fittiagd future need
for reconfiguring machine layouts as production nges, to
replace faulty instruments in future, and reinstgllsensors
after machine maintenance. The good news is thsiten



presence of electricians and engineers in manyriast can
speed fitting of instrumentation. For permanerinsetering,
meter pulses are traditionally monitored using angatible
electricity meter (this is also true for gas metg)i Electricity
meters may give a dry relay contact closure outpiganing
that the output is essentially a switch, such &xta circuitry
may be needed before the data logger input torilalty ‘de-
bounce’ the signal. Specifications for pulse owparte given
by BSI [35] with explanations of terms [36]. Wheaepulse
output meter is fitted (which is rare for disaggtegl feeds in
manufacturing), adding logging equipment with nattfar
disturbance is straightforward. Current transfosmeay detect
power consumption on either single phase, or nhatie — the
proviso being that a clear phase is required fahesensing
element (Live Neutral and Earth cable, for exampieuld not
be suitable) Current transformers range from lomstc
transducers requiring signal conditioning, to ‘CfaMeters’ -
self contained units with signal conditioning, dged for spot
measurements. Multiphase units with pulse outpainpatible
with conventional data logging equipment) are asailable.
The major issue with current transformers, is that are not
shunt devices, so a breakout is still needed toitorowoltage,
which since voltage may routinely drift by aroun@%, is
crucial for accurate power measurement. Clearl\ly ame
power logger which monitors voltage per phase wadtve
this, since once we have a log of voltage, plaimeni loggers
could then be used for further disaggregation. fapping of
voltage in, for example, explosive atmosphere emvirents,
now has practical implications since if were to ws&rent
transformers, we may now have to package wiringhis T
means that current transformers effectively mayb®stlways
viewed as a non-invasive solution, but will stik lbequired
when high-frequency (sub 60 second) sampling oftedal

1994 [37]. Ultrasonic metering is non-invasivet bequires
some planning; For example for metering of fluidshs as

natural gas, the pipe inner surface (roughness)meag to be a
known quantity [38]. Similarly, ultrasonic metegimffers an

easy to fit solution for many other process gases leuids

including compressed air, steam, and water, andgesnt.

With metering strategy, a compromise is usually enagtween
speed of installation, and cost effectiveness.

V.

A basic data structure is proposed which offersstifevare
engineer, the energy manager, and ultimately alatds body
a ‘way in’ to constructing compatible energy dataseClearly
an extensible structure such as MTConnect is reduin add
extra data where appropriate. The next step mest b
cooperation between all interested parties to aehiensensus
on energy data for portability, functionality, agdality. While
this paper looks at energy data from an operatiaral
software engineering perspective, other analystthén field
may notice gaps or improvements in functionalitytatly for
meta data analysis, e.g. manufacturing data a@salysich is
based on small sample numbers when looking atcaérti
sectors [10]. Many analysis techniques commonpliexce
manufacturing are finding application in energy lgsia [7],
and additional data may be required to describegtample,
production schedules, and machine types. As exangyysis
becomes more popular too, data will deed to descfilel
types, embodied energy, and material throughputvels as
extra measurements from the manufacturing envirotnsech
as chemical composition. Holistic audits will coadirmaterial
and energy flows from office supplies to manufaetuitems,
all of which affect energy use, not least by eBemh technical

DISCUSSION

feeds is needed. A solution may be found in a tecerPuilding services. As analysis techniques matwesmust be

development in submetering, is a miniaturised niscaf sub
meter , which can be fitted into a single DIN mahfuseway.
Indeed, submetering is now available which can thkeform
of an integrated sub meter and miniature circiétker, which
can form a straight swap for an existing circugtdker taking
minutes, even between production runs. This coe®ithe
convenience of non-invasive
performance of a shunt device.

Clearly for monitoring energy delivery in the forof a
fluid, be it water, air, or oil, or steam on natuyas, typically
invasive metering is used. This can cause sedosts when
production downtime may be in the order of thousawfdeuros
per hour. Where submetering does exist, as wattritity and

instrumentation withe th

mindful that techniques such as Al, spectral atslynd
complex event processing will place more exacting
requirements on data quality and documentatiomallyi and
topically, manufacturers who increasingly see epneag a
manufacturing process variable, will be looking itoprove
compatibility between manufacturing and energy dgtiems.

V. CONCLUSIONS

Energy data will find more use in manufacturingcémtrol
processes as well as reduce costs. It is also tah more
sophisticated analysis techniques are becoming spidad.
The idea that four main areas should be of impogamnhen
designing energy datasets has been stated, theisg be

water, manual readings can be made, with the sanf€mporal, accuracy and precision of data, operatiand

restrictions. Some fiscal metering may find apgtlan,
contact closure based gas meters usually operatetayng a
permanent magnet inside the meter housing,
magnetically couples with a reed switch attachetthéooutside
of the case — these are known as R5 meters in the.U

energy supporting documentation. We have descsbete of
the intricacies of a core dataset for building ggeanalysis,

whicend some aspects of data which must be documewted f

enhanced functionality, not least to describe inrandetail
energy use patterns caused by manufacturing. & diesign

Consequently the most common type of meter is purelmodel has been presented as an example for a |goetaérgy

mechanical. An ultrasonic gas meter usually hasdppmosing
transducers that both emit and receive ultrasomnats.
Transit-times are measured first in the directibthe flow and
then opposite the flow. At low flow speed, relatteethe speed
of sound, the difference in transit time is dirgqitoportional
to the gas flow. Such a device was envisaged as dgo as

dataset. Trends in instrumentation are now makimg
performance division blurred between invasive anoh n
invasive systems, meaning data gathering is p@ssibth
minimal impact on production. Improvements in data
structure, reliability and quality and in instruntetion are vital

if energy data is to be more effectively used apracess



variable in manufacturing.

The result will be dera

efficiency, leading to reduced energy costs andrgreuse gas
emissions.
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