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Abstract
Energy management is used by organisations to monitor and 
control the environmental and fi nancial costs of energy usage. 
It involves monitoring performance, identifying potential in-
terventions and assessing their eff ectiveness. A key element of 
an eff ective regime is access to good quality data. High reso-
lution utility consumption data (typically electricity, gas and 
water) is becoming widely available.  Leicester City Council has 
access to such data in over 200 municipal buildings.

Th e data contains details of the eff ects of both interventions 
and previously unidentifi ed events. Appropriate data analysis 
techniques can extract these details to provide a simple and 
intuitive view of the usage behaviour, although the process can 
be time consuming and complicated.

A typical analysis follows three main steps.

Producing an initial model of consumption using all the 
available data.

Subdividing the model into internally consistent, contigu-
ous periods.

Assessing each distinct period of consistent consumption.

Developing a simple soft ware tool to perform an analysis using 
this framework involves making compromises between com-
plexity, resolution and generality. Designing the user interface 
introduces compromises between usability, training require-
ments and eff ectiveness.

1.

2.

3.

A case study shows that implementing the analysis frame-
work in a simple tool provides signifi cant insight into con-
sumption history and can quickly quantify the eff ects of inter-
ventions and identify hitherto unknown events. 

Such a tool has the potential to improve the eff ectiveness of 
energy management by providing a rapid assessment of energy 
usage patterns. Identifying unexpected increases in consump-
tion can trigger investigations that can lead to timely remedial 
action, quantifying the eff ect of interventions is critical in the 
assessment of their success. Future possibilities include excep-
tion reporting, ensuring high quality results with minimum 
input of time.

Th e tool is presented as a proof of concept for the basic analy-
sis framework in a way that can be implemented easily to pro-
vide detailed analysis of data wherever it is available in an ap-
propriate format. Th e potential to provide energy management 
information covering signifi cant consumption is promising.

Introduction
With the growing need to reduce global greenhouse gas emis-
sions, we need to reduce energy consumption from existing 
buildings. Traditionally, various energy management tech-
niques have been used by organisations to monitor and con-
trol the environmental and fi nancial costs of energy usage. 
Information revealed about the energy performance of build-
ings can inform investment in energy effi  ciency measures and 
is a critical input to strategic energy management decisions in 
large, multi-site organisations. Monitoring energy performance 
over time can quantify the eff ects of energy interventions and 
highlight faults as they occur. Comparison of the energy per-
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formance of diff erent buildings serves to highlight those where 
savings may be most cost eff ective.

Energy management information systems rely on good qual-
ity data and suitable analysis techniques to provide information 
on the energy performance of buildings. Energy savings can be 
achieved through acting on information provided by analysis 
of data1. Traditional energy management techniques are based 
on monthly billing data. Modern energy metering can produce 
data at far higher than monthly resolution.

Analysis techniques typically use the degree day [2], a meas-
ure of the heating (or cooling) requirement for a building based 
on heat transfer through building fabric due to a temperature 
gradient. Degree days for a period are determined by multi-
plying the number of degrees by which the average external 
temperature falls short of a “base temperature” (usually 15.5ºC) 
by the number of days for which the defi cit occurs. Th e base 
temperature is the internal temperature above which no heat-
ing is needed and may vary with circumstances. For example, 
less mobile people (e.g. the old or infi rm) oft en require a higher 
internal temperature, and a higher base temperature might be 
appropriate.  Degree days provide a means to compare energy 
performance in buildings under diff erent conditions [3]. Analy-
sis techniques also use degree days to produce empirical mod-
els of consumption [4].

Th is paper describes the key design considerations when 
designing a tool to implement degree day based analysis us-
ing high resolution data from automatic meter reading (AMR) 
systems, also referred to as “intelligent” or “smart” metering. 
It begins with the data requirements along with how they are 
satisfi ed by the output of a comprehensive monitoring system 
installed by Leicester City Council. Analysis of the data is cov-
ered next, and fi nally the design of the tool itself, with particu-
lar reference to the choice of analysis model and user interface 
design.

Data
Energy consumption data for energy management are typically 
sourced from billing records. Supply companies record elec-
tricity and fuel consumption to produce accurate and timely 
bills. In the UK, heating degree day data (base 15.5°C) are pub-
lished monthly and can be collected from many sources. Th e 
UK Carbon Trust publishes degree day data for all UK regions 
[5]. Consumption data from billing systems and monthly degree 
day data are the recommended raw materials for an assessment 
of energy performance[6].

In practice billing data can suff er from signifi cant inaccura-
cies and estimated readings are common where meter read-
ings are not possible for one reason or another. Meters are not 
consistently read on the fi rst day of every month so it is rare 
for “raw” billing data to be perfectly aligned with degree day 
data. Th ere is thus a requirement for some pre-processing of 
the billing data to apportion consumption into monthly bins 
resulting in well-aligned but artifi cial, monthly consumption 
and degree day data.

Modern metering can produce electronic data that can be 
automatically logged at any interval. Typically in the UK data 
from large electricity supplies is produced at half hourly inter-
vals due to more accurate billing arrangements following mar-
ket deregulation. Th ese data can be downloaded directly from 

the meters and suff er far less from the inaccuracies historically 
found in manually read billing data. When coupled with com-
munications hardware, it is possible to develop systems [7] that 
transfer data from multiple meters to a central point where they 
are logged in a database and made accessible through soft ware. 
Standard half-hourly data fi les are produced that hold data in 
49 columns, one for date and one each for every half hour peri-
od in a day making each row represent a day of consumption.

Leicester City Council has installed a ‘smart’ or ‘intelligent’ 
metering system to monitor electricity, gas and water consump-
tion in over 200 municipal buildings in the city of Leicester in 
the East Midlands region of the UK. Th e system is also connect-
ed to outside air temperature monitors so it is possible to cal-
culate degree days for any period and to any base temperature. 
Half-hourly resolution data from this system is made available 
through, and analysed using, proprietary soft ware. Th ese data 
are easily exported in standard half-hourly data fi le format.

Analysis
High resolution gas consumption data can be used to identify 
the detailed energy consumption patterns in a building[8]. De-
tailed analysis can also reveal alterations in these patterns due 
to changes to building fabric, installed equipment, automatic 
controls or building occupant behaviour. Changes may be the 
result of active energy effi  ciency interventions, side eff ects from 
other building work or unidentifi ed events such as faults. A 
data analysis methodology has previously been developed for 
use with half hourly electricity data [9]. A typical analysis follows 
three main steps:

Producing an initial model of consumption using all the 
available data

Subdividing the model into (relatively) internally consist-
ent, contiguous periods

Modelling each distinct period of consistent consumption 
individually.

A plot of daily energy consumption against daily degree days 
provides a suitable initial model of consumption using all the 
available data. Where the relationship is linear, the y-intercept 
and gradient of this line can be used to assess the non-heating 
related consumption (e.g. for hot water) and the heating related 
consumption respectively. Th e scatter of the points around the 
line indicates the reliability of the relationship. Th e relation-
ship can be nonlinear, and useful clues about problems with the 
system can be obtained from the general shape [xi, xii]. Th e degree 
day method is usually appropriate for measured gas consump-
tion in continually heated buildings. Where a cooling load is 
present the method can be adapted to use cooling degree days 
but is less reliable. In intermittently heated buildings the simple 
model provides a poor fi t, though more complex models are 
possible they are outside the scope of this paper.

Th e second stage, subdivision into sub-models for diff erent 
time periods, can be carried out using CUSUM.  CUSUM (CU-
mulative SUM) is a method of determining systematic patterns 
in the residuals resulting from the fi t of an initial model to a set 
of data [10]. Th e cumulative sum of the residuals is plotted as a 
function of time and indicates systematic diff erences from the 
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initial model. For example, a steady increase at constant slope 
corresponds to a heating load that exceeds the modelled one 
by a constant factor. Typically the plot consists of several sec-
tions of this type separated by distinct “kinks” which represent 
“events” at which changes have taken place. Details of the in-
terpretation of consumption – degree day plots and their use to 
establish a prediction for use with the CUSUM event detection 
algorithm can be found in many publications [11, 12].

In the third stage, a similar model is defi ned for each identi-
fi ed period and parameters are compared between neighbour-
ing periods to provide insight into the nature and magnitude 
of each change in consumption pattern.

Th e outcomes of such an analysis include model parameters 
that describe the data as a whole, a series of dates that repre-
sent signifi cant events in the site’s history and equivalent model 
parameters for each period between events. Th is information 
can prove useful to verify and quantify the eff ects of energy 
effi  ciency interventions, to identify and diagnose unexpected 
events as they occur and to gain detailed insight into the chang-
ing consumption patterns in a building. Application of this 
process to high-resolution data fi les can be time-consuming 
and complicated. A fl exible soft ware tool is the ideal solution 
since it can provide a simple interface and consistent analysis 
with replicable results.

Tool design
An analysis tool has been developed to facilitate the rapid 
analysis of high resolution gas consumption data. Details of 
the underlying models and event detection algorithms will be 
reported elsewhere. Here the emphasis is on the design of the 
tool. Developing a simple tool to perform an analysis using this 
framework involves making compromises between complexity, 
resolution and general applicability. Th e user interface design 
requires further compromises between usability, training re-
quirements and eff ectiveness. Th is initial version of the tool 
was developed as a Microsoft  Excel spreadsheet as a proof of 
concept.

A key decision made at the early stages was the resolution at 
which the tool would operate. Th e available data (gas consump-
tion and outside air temperature) is at half-hourly resolution. 
Th e resolution of the analysis has an infl uence on the complex-
ity of the analysis, the resolution of the results and the number 
of calculations required. Operating at daily rather than half-
hourly resolution reduces the quantity of consumption data 
from 17,520 values to 365 values per year, thus reducing the 
computational resources required. It also simplifi es the level of 
analysis required, by essentially averaging consumption over 
each day. Th e main disadvantage of choosing lower resolution 
is that the analysis provides less information. Models will be 
simple – there will be no need to distinguish between day-
time and night-time consumption, for example – and so have 
fewer parameters, and events will be detected to the nearest 
day rather than to the nearest half hour. In the case of energy 
management in buildings it is perfectly acceptable to be noti-
fi ed of a problem aft er a number of days and there is rarely a 
case where notifi cation is required at a sub-daily resolution. 
In practice data is transferred by Leicester City Council on a 
daily basis as 48 values and timestamps and so will not be avail-
able to the system until the following day anyway. With this in 

mind, a daily resolution is most appropriate and any loss in ac-
curacy or insight has been accepted as the result of a trade-off  
for simplicity of the underlying calculations and simplicity of 
the tool itself. Th e tool accepts half-hourly consumption and 
temperature data in standard, 49 column format and calculates 
daily total consumption and degree days to enter into the all-
data model.

CHOICE OF MODEL
Daily consumption and daily degree days are in many cases lin-
early related. However, buildings are not occupied 365 days per 
year. Many buildings are closed or at least use far less energy on 
weekends. In order to produce a soft ware tool capable of ana-
lysing a wide variety of the buildings for which Leicester City 
Council collects data, it was decided that the underlying model 
would accommodate two “modes” of operation, “occupied” and 
“unoccupied”. Th e tool presents an “all-data” model as a scat-
ter chart of daily consumption against degree days. Degree day 
base temperature is variable and user-defi ned. Model param-
eters are calculated for both occupied and unoccupied periods. 
Our early work has, however, concentrated on the simplest pos-
sible cases to build a fi rm foundation for future studies. In the 
example shown in Figure 1 the building is a residential care 
home. Th e building is occupied 365 days a year so there are no 
“unoccupied” data.

Figure 1: Basic, “all-data” degree day (base 15.5) model

USER INTERFACE
User interaction is critical in building a complete analysis. 
Firstly the user can choose a degree day base temperature ap-
propriate to the building by either selecting the default value of 
15.5°C or by inspecting the eff ect a change has on the all-data 
model. Th e event detection module is based on a user-driven 
visual inspection of a CUSUM chart produced from the model 
residuals. Users are presented with the chart and invited to log 
the dates of signifi cant and abrupt changes in the CUSUM gra-
dient. As they log the events, the event module calculates new 
model parameters for each inter-event period. Th e tool also 
plots straight lines through the CUSUM plot showing how the 
selected dates match the CUSUM kinks. An example is shown 
in Fig. 2.

To inspect the precise eff ect of events the user is invited to 
select an event to investigate. In the example of fi gure 2 the 7th 
event on the 21st November 2005 is highlighted. Th e selected 
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event is presented as a scatter plot similar to the all-data model 
in fi gure 1. Only the data between the previous event and the 
next event are shown. Data from before the chosen event are 
distinguished from that aft er the chosen event by using diff erent 
symbols and colours. Figure 3 shows how the event identifi ed 
in fi gure 2 appears to be connected with a signifi cant increase 
in y-intercept (from just below 2000 ft 3 to nearly 4000 ft 3) and 
a decrease in gradient (from about 200 ft 3/degree day to about 
125 ft 3/degree day). Inspection of the following period shows 
consumption returning to the original pattern. 

Th ese parameter changes are directly related to performance. 
A change in intercept is related to the non-heating related con-
sumption (including fi xed losses in the heating system) and 
a change in the gradient is related to the systems response to 
changing degree days. Increases in system effi  ciency will lower 
the gradient but reductions in building internal temperature 
will have a similar eff ect. A coincident change in both param-
eters implies an event that aff ects both the fi xed losses and the 
system response to changing degree days.

Conclusions
Implementing the analysis framework described earlier in a tool 
such as this can provide rapid access to useful results. It off ers 
signifi cant insight into consumption history and can quickly 
quantify the eff ects of interventions and identify hitherto un-
known events that may require remedial action. Th ough data 
analysis alone cannot produce energy savings, the information 
provided through such an analysis has the potential to improve 
the eff ectiveness of energy management systems.

Such a tool has the potential to improve the eff ectiveness of 
energy management by providing a rapid assessment of en-
ergy usage patterns. As a proof of concept the tool provides 
easy access to information locked in high volumes of energy 
consumption data. Future possibilities include exception re-
porting ensuring high quality results with minimum input of 
time, implementing the analysis using a web-based interface 
to automatically connect to multiple datasets and provide re-
sults to multiple audiences including building users and energy 
managers and applying this type of analysis to large existing 
collections of data such as may be available through utility 
companies.
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Figure 2: CUSUM chart and user interface
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Further development of the analysis methodology and un-
derlying energy models will enable the tool to analyse a wider 
range of building types and circumstances.
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