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Abstract

Results are presented from a monitoring study of the electricity consumption of a sample of UK domestic buildings. Five-minutely average
whole house power consumption was recorded for 72 dwellings at five sites over a 2-year monitoring period. The mean annual electricity
consumption for the households increased significantly by 4.5% (¢ = 1.9; p < 0.05, one-tailed) from the first to the second year of monitoring. New
techniques are developed which estimate the electricity consumption of different appliance groups, based on analysis of the five-minutely
monitored data. The overall increase in electricity consumption is attributed to a 10.2% increase in the consumption of ‘standby’ appliances (such
as televisions and consumer electronics) and a 4.7% increase in the consumption of ‘active’ appliance (such as lighting, kettles and electric
showers). The consumption of different energy user groups (low, medium and high) is also investigated and low and high users are identified as
contributing to the overall increase in consumption. The need for further investigation, such as quantitative and qualitative studies, to improve

understanding in domestic electricity consumption is discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electricity consumption in domestic buildings is determined
by two main factors: the type and number of electrical
appliances in the property; and the use of these appliances
by the occupants of the building. In houses with similar built
forms there can be a wide range of different appliances in use
and these appliances will have a range of different power
consumptions. Occupants influence the electricity use of a
dwelling both by their purchase of electrical appliances and
through their use of these appliances. The variation in the type
of electrical appliances present and the occupant’s semi-
random use of these makes domestic electricity consumption
difficult to predict with accuracy, particularly at short time steps
such as an hour or less. However, it is recognised that a sound
understanding of domestic electricity consumption is required
for the design and implementation of energy efficiency
measures [1] and on-site electricity generation [2].
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The UK Government’s Climate Change Bill in 2007 sets a
legally binding target of a 60% reduction in national CO,
emissions by 2050 compared to 1990 levels [3]. Electricity
consumption from housing represented 29% of total UK
electricity consumption in 2005 [4]. Schemes to reduce
domestic electricity consumption include technical measures,
such as low energy lighting and the energy labelling of
appliances [5], and measures designed to influence the
occupants’ behaviour, such smart metering [6]. The main
aim of smart metering is to encourage consumers to use less
electricity through being better informed about their consump-
tion patterns. The consumption of carbon-intensive mains
electricity can also be avoided thorough the use of on-site
micro-generation systems which produce low carbon electricity
at the dwelling itself. The UK Government’s Low Carbon
Buildings Programme provides grants to install micro-
generation systems such as solar PV, micro-wind turbines
and combined heat and power units [7]. However, the
penetration of low energy appliances, smart metering and
micro-generation is currently limited and the average house-
hold domestic electricity consumption has increased by 1.2%
between 2000 and 2004 [8]. This increase has occurred at a time
when the efficiency of new household electrical goods, such as
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Nomenclature

N4 number of P,_4 values in the 01:00 to 04:00 time
period

P4 five-minutely average electric power consump-
tion of the household recorded between 01:00
and 04:00 (W)

Pacrive daily average electric power consumption of the

active appliances and the standby appliances in

use (W)

daily average electric power consumption of the

cold appliances (W)

Pcontinvous five-minutely average electric power con-
sumption of the continuous appliances (W)

PcoLp

Pcgs  five-minutely average electric power consump-
tion of the continuous appliances and standby
appliances in standby mode (W)

Pcgs  daily average electric power consumption of the

continuous appliances and standby appliances in
standby mode (W)

Pexport five-minutely average electric power exported
to the mains grid (W)

Prvport five-minutely average electric power imported
from the mains grid (W)

Ppy five-minutely average electric power generation
by the photovoltaic system (W)

PstanpBy mope five-minutely average electric power
consumption of the standby appliances in
standby mode (W)

ProraL five-minutely average electric power consump-
tion of the household (W)

Prorar daily average total electric power consumption
(W)

refrigeration and washing appliances, has improved consider-
ably [9]. The reasons why this increase in overall domestic
electricity consumption has occurred need to be clearly
understood in order to develop future policy to reduce
consumption from the UK housing stock.

National statistics provide annual totals of domestic
electricity consumption, often as average values. UK
Government delivered energy statistics show that the average
UK household consumed 4068 kWh of electricity in 2004 [10].
The English House Condition Survey (EHCS) in 2001
collected metering data on 7370 households in England with
an average annual electricity consumption of 5282 kWh [11].
These figures include the electricity used for hot water and
space heating as well as the appliance consumption. The EHCS
survey demonstrated how electricity use varies with the floor
area of dwellings, household income and many other factors.
However, such annual values do not provide sufficient detail
for planning effective interventions such as the replacement of
appliances or promoting behavioural change. More detailed
studies with smaller sample sizes can provide greater insight
to electricity consumption trends. For example, a 2007

longitudinal study of 15 UK dwellings found a 31.6% rise
in electricity consumption over a 15 years period and identified
the largest increases in the households with high annual
consumptions [12].

Models have been used to predict the consumption of groups
of appliances. The DECADE project provided national
estimates for the consumption of groups of appliances based
on ownership statistics and the average consumptions of the
appliance stock [13]. For example, the breakdown of the
national electricity consumption by appliance group in 2003
gives: lighting 20%; refrigeration appliances 18%; cooking
appliances 17%; brown appliances (such as televisions,
computers and communication devices) 21%; and wet
appliances (such as washing machines, tumble dryers and
dishwashers) 14%. At the individual household level the
BREDEM model predicts monthly or annual total electricity
use using algorithms based on total floor area of the dwelling
and number of occupants [14]. No account of the occupant
behaviour is used in BREDEM and the predictions are only
intended to give an average household figure [15]. Load models
have also been developed to predict individual household
electricity consumption at 1 min or half hour intervals [16,17].
These models make predictions of energy consumption patterns
for a typical household and do not reflect the large inter-
dwelling variation that occurs in practice.

Monitoring studies can provide current data on individual
household electricity consumption and such studies generally
take two approaches. Monitoring equipment can be used to
record the consumption of individual appliances or of
collections of appliances. An example of this approach is a
study by the Swedish Energy Agency which recorded
appliance consumption data for 400 households [18]. This
provided accurate consumption data on individual appliances
and the results are of sufficient detail to make energy
efficiency recommendations. The second approach is to
monitor the whole house electricity consumption at a high-
resolution. A demand side management study in 1999
recorded one-minutely electricity load profiles for 30 homes
over periods of 1-4 weeks [19]. The recorded loads clearly
show the effects of different appliances on consumption
levels. Similar monitoring studies in the non-domestic
building sector have also been undertaken which identify
consumption patterns based on whole building electricity
measurements [20].

This work was undertaken as a part of the UK Carbon
Reduction in Buildings (CaRB) project [21]. It investigates
current trends in electricity consumption in UK dwellings
through the analysis of recent field measurements. Novel
analysis procedures have been developed to improve the
understanding of domestic electricity consumption based on
high-resolution five-minutely measurements of household
electricity consumption. Seventy-two UK households are
studied and the energy consumption of appliances with
different consumption patterns is identified. The aim of this
work is to improve the current understanding of electricity
consumption in UK domestic buildings and to identify the
trends in consumption of different appliance groups.
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2. Household electrical appliance categories

The electricity consumption of a household is determined by
the electric power consumed by each appliance and the amount
of time each appliance is in use. In this study four categories of
appliances have been identified according to their pattern of
use: continuous appliances; standby appliances; cold appli-
ances; and active appliances (Table 1). Continuous appliances,
such as clocks and burglar alarms, draw a continuous constant
amount of power. Standby appliances, in particular consumer
electronic equipment such as televisions and set-top boxes,
have three basic modes of operation: in use; on standby; or
switched off. Standby use occurs when an appliance is not in
use but is still consuming power [22]. Appliances can be on
standby even when they appear to be switched off and the only
certain way to prevent them drawing power is to disconnect
their power supply. Cold appliances, such as fridges and
freezers, are in continuous use however they do not draw a
constant amount of power. Instead their power consumption
cycles between zero and a set power level which is under
thermostatic control. Active appliances are those which are
actively switched on or off by the householders and are clearly
either in use or not in use. Active appliances have no standby
mode and when switched off their power consumption is zero.
Examples of active appliances include lights, kettles and
electric showers.

Table 1
Appliance categories and typical appliance power

3. Household power consumption measurements

This study investigates the electricity consumption of 72 UK
households (Table 2). The dwellings were part of a wider study
researching photovoltaic (PV) systems installed on UK
domestic buildings [27]. The households were clustered in
five sites with each site containing between 10 and 22
properties. Four of the sites were social housing and the
dwellings all had gas central heating. The built forms were
detached houses, terrace bungalows, two-storey blocks and flats
(e.g. Fig. 1). The electricity consumption of each dwelling was
monitored for a 2-year period. Five-minutely average values of
PV system electricity generation, import of electricity from the
grid and export of electricity to the grid were recorded by
current and voltage sensors and pulsed output meters. Data was
collected using loggers installed in a number of the homes and
was downloaded on a regular basis via the public telephone
network. The data loggers had a constant power draw of 10 W
and this power consumption was subtracted from the recorded
household power consumption where necessary. The monitor-
ing systems were funded by the UK Department of Trade and
Industry under the PV Domestic Field Trial programme [28]
and the energy consultants for the sites were Energy for
Sustainable Development Ltd.

For each 5 min recording interval, average values of PV
system electricity generation, import of electricity from the grid

Appliance category Category description

Example appliances Typical in-use Typical standby

power (W) power (W)
Continuous Continuously switched on and constant Clocks® 2.5 -
power consumption
Burglar alarms® 5 -
Broadband modems® 4 -
Standby Actively switched on by householders. When Televisions—CRT?* 84 3.5
not in use, power consumption may be
non-zero.
Televisions—LCD* 130 2.0
Televisions—plasma® 253 2.7
Set-top boxes® 17 8.0
Audio HiFi* 14 8.2
Mobile phone chargers® 4 2.8
Desktop computer” 100 7.1
Cold Continuously switched on and power Fridges/freezers/fridge freezers™" 80-250 8.8
consumption cycles between zero and a set
power level
Active Actively switched on by householders. Kettles 2000-3000 -
When not in use, power consumption is zero.
Electric hobs® 2500 -
Washing machine® 2000 -
Electric showers 4000-9000 -
Lighting—CFL 9-13 -
Lighting—incandescent 60-100 -

a

* Figures from [23].
b Figures from [24].
¢ Figures from [25].
d Figures from [26].
¢ Figures from [19].
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Table 2

Site characteristics

Site Number of dwellings Built form Tenure Construction date Monitoring period

1 22 Terrace bungalows Social housing 2001 June 2002 to May 2004

2 13 Two-storey blocks and flats Social housing 2001 February 2004 to January 2006
3 12 Flats (three-storey tower) Social housing 2003 June 2004 to May 2006

4 15 Two-storey blocks Social housing 2002 Nov 2004 to Oct 2006

5 10 Two-storey detached and semi-detached Owner occupied 2003 Nov 2004 to Oct 2006

and export of electricity to the grid were recorded. The five-
minutely average total electrical power consumption (defined
as the average power drawn by all the electrical appliances in
the home during the 5 min period) was derived from the
measurements using the following equation:

ProraL = Ppv + PivporT — PEXPORT (1
4. High-resolution data analysis
4.1. Domestic electricity consumption patterns

For each dwelling, the electricity consumption recorded
over the 2-year period contained over 200,000 individual

data values. Standard spreadsheet software is not sufficient
to analysis such data as there is, typically, a limit on the
number of data entry rows allowable and a limit on the
number of data points on graphs. Therefore, specialised
software, the Interactive Data Language (IDL) software
package, was used [29]. IDL is an array-based data
processing package and can work with large datasets easily.
A series of routines were developed in the IDL Development
Environment to import, screen, store, analyse and display the
monitored data (Fig. 2). These generic routines form part of
an IDL application which can analyse time-series energy
consumption data from any source and at any recording
interval (such as 1 s intervals, 5 min intervals or half-hour
intervals).

Fig. 1. Sample dwellings and photovoltaic systems at site 1 (left) and site 2 (right).

Raw data Graphical
files - time Processed data and
series energy files numerical
consumption outputs
data

Data import routines

*  imports raw data from individual data files
*  places data into two-column arrays

*  time stamps stored in column 1

*  data values stored in column 2

Data screening routines

*  checks for missing data

. alters time-stamps if applicable

e checks for implausible data values

*  converts data to correct units

. converts data from cumulative readings to
average values over the time interval

File management routines
*  loads and saves processed data files

Data analysis routines

e filters data according to time stamps

. filters by time of day, day of week, month,
year, day time and night time

*  generates average time of day profiles

. generates monthly and annual totals

*  specialised analysis (such as detailed in
Sections 5 to 7)

Data display and export routines

¢ plots graphs of data values against date for
various time periods

. plots graphs of data values against time of
day

*  plots graphs of histograms of data values

. exports numerical summary data

Fig. 2. Schematic of the IDL application generic routines.
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Fig. 3. Five-minutely recorded total power consumption values for a single
house over the 2-year monitoring period. The grey line shows the average values
for each 5 min period.

The value of using high-resolution data in studying domestic
electricity consumption patterns has been discussed elsewhere
[30]. Most importantly, such data allows detailed insights
which enable the categories of appliances (see Table 1) to be
inferred. As an example, Fig. 3 shows the five-minutely
electrical power consumption for a single house versus the time
of day (00:00, 00:05, etc.). This figure shows over 200,000 five-
minutely values recorded in the 2-year monitoring period.
Between midnight and 06:00 the total power consumption was
always relatively low with an average value of 228 W. There
were some high power consumptions (over 1000 W) in this
time period and further investigation showed that these
occurred only on three separate occasions when many of the
appliances remained in use overnight. At around 06:00 the
occupants began to actively use the appliances in the home and
higher power consumptions were recorded. This continued
until around 21:00 when power consumption levels started to
return to their low, night time levels. For each 5 min interval the
average total power consumption is shown by the grey line on
the figure. This provides an indication of the daily pattern of
consumption in the dwelling. It is clear however that this
average profile is not at all representative of actual recorded
data and in particular does not portray the very high, short-term
power demands that occur.

From a more detailed inspection of the data, the operation of
equipment in each of the appliance categories defined in Table 1
can be observed. Taking as an example the total power
consumption values recorded at one house over a single day, the
five-minutely average total power consumption shows a typical
residential electricity use pattern (Fig. 4). During the early
morning from 02:00 to 08:00 there was a constant cyclic pattern
of power consumption between around 50 W and 180 W. The
minimum power consumption of 50 W represents the power
consumption of the continuously on appliances and the
appliances in standby mode. The repeated increase up to
180 W was caused by the power consumption of the cold
appliances and this pattern can be seen continuing through the
day. After 08:00 the power consumption rose as other
appliances begin to be used in the household. There were

2000

Active appliances with high power
consumption

/) -

-
o]
Q
o

Continuous

1200 A appliances and

appliances on
standby

Cycling
appliances

| m

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Time of day

Total power consumption (W)

Fig. 4. Five-minutely total power consumption recorded over a sample day at a
single dwelling.

several high peaks above 1000 W which were caused by active
appliances with high power consumption such as a kettle. After
17:00 there was a step-change increase of around 100 W in the
power consumption values compared to the early morning
which was probably caused by the use of active appliances such
as lights and the switching on of appliances previously in
standby mode such televisions and other consumer electronics.

Because the monitored data records the total power
consumption of the dwellings, it was difficult to distinguish
the contribution of individual appliances. The analysis
techniques presented here infer, from the five-minutely data,
the electricity consumption of three appliance consumption
groups (based on the appliance categories in Table 1): the
continuous appliances and standby appliances in standby mode;
the cold appliances; and the active appliances including the
standby appliances in use. It is worth noting here that the four
categories give in Table 1 were chosen pragmatically for the
purpose of categorising the features of domestic electricity use.
The categories are not intended to offer a basis for classifying
electrical appliances. A taxonomy of appliances is however
being developed as part of the CaRB project [31].

4.2. Continuous and standby energy consumption

The first appliance consumption ‘group’ identified in the
data is the combined total of the power consumption of
continuous appliances and appliances left in standby mode.
This power consumption was defined in this work as the
continuous and standby power (C and S) and is given as

Pcgs = Z Pcontivuous + Z PsTANDBY _MODE 2)

The power consumption of the continuous appliances and
appliances left in standby mode can be observed from the
minimum power consumption of the household in each day. As
shown in Fig. 4 it is assumed that when this minimum power
consumption occurred, there was no consumption from cold
appliances, standby appliances in use or active appliances. Thus
for each day the continuous and standby power consumption
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Fig. 5. Monthly averages of continuous and standby power consumption for
three sample houses at site 1.

(Pcgs) is given by
Pces = minimum(ProTaL) 3)

Monthly average continuous and standby power is shown for
three sample houses at site 1 in Fig. 5. House A is an example of
a household with a high continuous and standby power
consumption of around 190 W. At house B there was a decrease
in continuous and standby power between July and October
2003 from around 180 W to 50 W. This would be caused by a
significant change in the presence or use of appliances in the
home. House C had a low continuous and standby power
consumption of around 30 W throughout the monitoring
period. For each house, the daily continuous and standby
electricity consumption was estimated by assuming that the
values of continuous and standby power consumption remain
constant throughout each day. For example a dwelling with a
daily continuous and standby power of 50 W is calculated to
have daily continuous and standby electricity consumption of
1.2 kWh.

4.3. Cold appliance energy consumption

The power consumption of cold appliances such as
fridges was identified in the monitored data from the values
recorded between 01:00 and 04:00. At this time it is
assumed that there is little or no use of active appliances (as
it is night time and the occupants are asleep) and power
consumption is mainly caused by continuous and standby
power and cold appliances. A plot of early morning power
consumption against time of day for two samples dwelling
illustrates the nature of cold appliance power consumption
(Fig. 6). House A shows a cycling pattern from around 25 W
to 175 W which occurred approximately every hour. The
minimum value of 25 W was the continuous and standby
power consumption and the increase to 175 W was caused by
the power consumption (150 W) of the cold appliances.
House B shows a similar cycle with power consumption
varying between 0 W and 90 W which repeated approxi-
mately every 40 min.

HouseA - -House B

200

150 -

100 A

Total power consumption (W)
[$,]
o

0

01:00 01:30 02:00 02:30 03:00 03:30
Time of day

Fig. 6. Five-minutely total power consumption recorded between 01:00 and
04:00 for two sample dwellings, showing refrigeration cycling.

The daily average power consumption of cold appliances
was calculated as the average power recorded between 01:00
and 04:00 minus the daily continuous and standby power
consumption (as defined by Eq. (3)). There was occasional use
of other appliances in the early morning some of which may
have high power consumptions (such as kettles or security
lights). These can cause an overestimation of the power
consumption attributed to the cold appliances. To correct for
this, any power consumption greater than 400 W above the
calculated daily continuous and standby power was ignored.
The level of 400 W was chosen, as it is unlikely that a
combination of cold appliances would have total power
consumption above this value. The daily cold appliance
average power consumption is given by

_ 1 _
Pcorp :EZP1_4ch&S €]

The average daily electricity consumption of the cold
appliances is calculated by assuming that Pcorp remains
constant throughout the day. It is recognised that his approach
might lead to a slight underestimate of the cold appliance
energy use because the cycling could be more rapid during the
day when the door of the appliance is opened and closed and the
surrounding air temperature is higher. The latter effect may be
less pronounced if the cold appliance is located in a poorly
insulated space such as a garage. Previous work has shown that
cold appliance energy use may be around 5-10% less in the
early morning compared to the whole day [26] but no attempt to
correct for this has been made in this work.

4.4. Active appliance energy consumption

The remaining portion of household electricity consumption
is accounted for by the active appliances and standby
appliances in use. These appliances are difficult to detect
individually, using the simple approach to analysis adopted
here, as there can be a great variety of different appliances, each
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with different power demands, and there is often no discernable
pattern of use. The daily average power consumption of the
active appliances and standby appliance in use (Pacrive) is
given by Eq. (5). The daily average power consumption is used
to calculate annual consumption totals for each household.

Pactive = ProraL — Pcas — PeoLp (%)
5. Analysis of electricity consumption trends
5.1. Annual results for the first year of monitoring

The annual electricity consumption totals for each

consumption group were calculated for the 72 monitored
dwellings. The results for the first year of monitoring are shown
in Fig. 7 where each vertical bar represents the results for an
individual dwelling. The height of the bars gives the annual
total consumption (the electricity consumption of all appli-
ances) and the bars are divided to show the contribution of the
three groups: continuous and standby, cold and active. The
results are arranged in the order of the annual total consumption
and the location of each dwelling is shown by the site number. It
is evident that there is a large variation in consumption across
the dwellings. For example, the lowest annual total electricity
consumption was 902 kWh, consisting of a continuous and
standby consumption of 104 kWh, a cold appliance consump-
tion of 236 kWh and an active appliance consumption of
562 kWh. The highest annual total electricity consumption was
7743 kWh, with a continuous and standby consumption of
1993 kWh, a cold appliance consumption of 481 kWh and an
active appliance consumption of 5269 kWh. There appears to
be no correlation between the dwellings of a particular site and
their electricity consumption. The dwellings were split into
three energy user groups according to their annual total
consumption in the first year of monitoring. The 24 dwellings
with the lowest annual total consumption (902-2160 kWh)
were assigned to the low energy group, the middle 24 (2174-
3247 kWh) to the medium energy group and the highest 24
(3273-7743 kWh) to the high-energy group.

For all dwellings in the first year of monitoring the average
total electricity consumption was 3100 kWh (Table 3). This is

8000
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lower than the UK Government estimate of average annual
electricity consumption of all UK dwellings (4068 kWh in
2004) which reflects perhaps the fact that the monitored
dwellings were mostly social housing and so did not contain all
types of UK housing (such as large, detached houses). For all
the dwellings, the continuous and standby consumption
represented 19% of the total consumption, the cold appliance
consumption 20% and the active appliance consumption 61%.
The proportion of cold appliance consumption matches well
with the results from the DECADE project [13] (which
estimated the proportion of cold appliance consumption at 18%
for 2003). The consumption figures can also be expressed in
terms of equivalent continuous power. For example, the
dwellings’ average annual total consumption of 3100 kWh has
an equivalent continuous power of 354 W. The equivalent
continuous power is useful when considering the plausibility of
the results, in particular for the continuous and standby
consumption. The equivalent continuous power for the average
continuous and standby consumption was 69 W (equivalent to
the combined standby power of several appliances such as
televisions, stereos, set-top boxes, desktop computers and cold
appliances as given in Table 1). This can be compared to
previous work by the EURECO project which gives an average
equivalent continuous power of 50 W for 400 EU houses
monitored in 2000 [25].

The annual results show that continuous and standby and
active appliance consumption were greater in the high-energy
group than the low energy group (Table 3). Cold appliance
consumption was similar for the low and medium energy
groups and higher in the high-energy groups. These relation-
ships were investigated by plotting the continuous and standby,
cold appliance and active appliance annual consumptions
against annual total consumption for the first year of monitoring
(Fig. 8). Linear regression lines were fitted to the data points
and, although they do not capture the variation in the results,
they do give an indication of the overall trends. Continuous and
standby, cold appliance and active appliance consumption all
appear to increase as total consumption increases, although
cold appliance consumption increases only marginally. This is
to be expected as it is likely that dwellings will not have more
than one or two refrigeration appliances irrespective of

O Active appliance consumption
@ Cold appliance consumption

6000 -

m Continuous and standby consumption

4000 -

2000 +

Annual total consumption (kWh)

0

51133511552132314311434315351113315424345212444431124121124 1541224252214
Site number (1 to 5)

Low energy group

Medium energy group

High energy group

Fig. 7. Annual total consumption totals per appliance consumption group and dwelling for the first year of monitoring.
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Table 3
Annual consumption results for the first year of monitoring
Annual consumption of appliance categories mean (kW); Equivalent continuous power® mean (W)
(as % of household consumption)
Total Continuous Cold Active Total Continuous Cold Active
and standby appliance appliance and standby appliance appliance
All dwellings (n=72) 3100 (100%) 601 (19%) 620 (20%) 1879 (61%) 354 69 71 215
Low energy group (n = 24) 1770 (100%) 297 (17%) 535 (30%) 938 (53%) 202 34 61 107
Medium energy group (n =24) 2689 (100%) 402 (15%) 577 (21%) 1710 (64%) 307 46 66 195
High-energy group (n = 24) 4841 (100%) 1104 (23%) 747 (15%) 2990 (62%) 553 126 85 341

* Equivalent continuous power is the power consumption which, if it remained constant for a year, would consume an equivalent amount of energy as the annual

consumption totals.

Table 4
Electricity consumption statistics for all households (n = 72)

Electricity consumption ~ Annual electricity consumption (kW) mean

Paired samples r-test (year 1 to year 2 difference)

category (standard deviation) range: minimum to maximum
Year 1 Year 2 Mean Mean 95% confidence ¢ value Significance Significance

increase increase interval (KW): (two-tailed)  (one-tailed)
(kW) (%) lower to upper

Total (n=72) 3100 (1487) 902 to 7743 3241 (1668) 920 to 8775 141 45 —6 to 288 1.9 0.060 0.030

Continuous and 601 (634) 85 to 3375 662 (685) 74 to 3715 61 10.2 —4 to 119 2.1 0.036 0.018

standby (n =72)
Cold (n=72) 620 (272) 118 to 1570 610 (270) 85 to 1464 -9 —-1.5 —40 to 21 0.6 0.538 0.269
Active (n=72) 1879 (1052) 333 to 5269 1968 (1132) 383 to 5254 89 4.7 —18 to 196 1.7 0.101 0.050

occupant numbers, ownership of other appliances or consump-
tion patterns. Both continuous and standby consumption and
active appliance consumption increased greatly with the total
consumption. In households with low annual total consumption
the continuous and standby consumption is lower than the cold
appliance consumption. The regression lines in Fig. 8 show that
around an annual total consumption of 3000 kWh the
continuous and standby consumption becomes, on average,
larger than the cold appliance consumption.

5.2. Analysis of electricity consumption trends for all
households

The results for all dwellings from the first year of monitoring
(year 1) to the second year of monitoring (year 2) were

Continuous and standby consumption

Cold appliance consumption

compared to investigate the trends over time (Table 4). The
mean, standard deviation and range (minimum to maximum)
were calculated for the total consumption, continuous and
standby consumption, cold appliance consumption and active
appliance consumption. There was an increase from year 1 to
year 2 in the average total consumption from 3100 kWh to
3241 kWh. On average, continuous and standby consumption
increased from 601 kWh to 662 kWh and active consumption
from 1879 kWh to 1968 kWh. The average cold appliance
consumption decreased slightly from 620 kWh to 610 kWh.
For each set of results paired sample ¢-tests were applied to the
year 1 and year 2 values to test the significance of any change.

Total consumption increased on average by 141 kWh, an
increase of 4.5%. The increase in total consumption was caused
by the overall increase in continuous and standby consumption

Active appliance consumption
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Fig. 8. Total consumption against appliance group consumption for all dwellings in the first year of monitoring.
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of 61 kWh (10.2%) and active consumption of 89 kWh (4.7%).
The consumption of cold appliances decreased slightly overall
by 9kWh (—1.5%) during the monitoring period. The
ownership of cold appliances may have saturated in the
households (most households are unlikely to purchase
additional cold appliances) and the decrease may be caused
by the replacement of cold appliances with higher efficiency
models. The r-tests showed that the continuous and standby
annual increase was significant at the p < 0.05 level if the two-
tailed p value is used. However, if the one-tailed p value is used
(reflecting the hypothesis that, based on current trends, energy
consumption would increase from year 1 to year 2) then the
increases in total consumption and active consumption can also
be considered significant at the 0.05 level.

5.3. Analysis of electricity consumption trends by energy
group

The trends in annual consumption totals are investigated
further by considering results for the low, medium and high-
energy groups separately. For each group descriptive statistics
and #-tests were calculated for the total, continuous and
standby, cold appliance and active appliance consumption
categories for the first and second year of monitoring (Table 5).
There were clear differences between the low, medium and
high-energy groups. Total average consumption increased
overall from 1770 kWh to 1964 kWh (11.0%) for the low
energy group and from 4841 kWh to 5088 kWh (5.1%) for the
high-energy group. For the medium energy group the total
household consumption decreased slightly over the monitoring
period from 2689 kWh to 2670 kWh (—0.7%). The increase for
the low energy group was significantat the p < 0.05 Ievel using
the two-tailed p value. The increase observed in the low and
high-energy groups was largely caused by increases in the
continuous and standby consumption and active appliance
consumption. For the continuous and standby consumption
there was a rise from 297 kWh to 375 kWh (26.3%) in the low
energy group and arise from 1104 kWh to 1222 kWh (10.7%)
in the high-energy group. The active appliance consumption
increased from 938 kWh to 1069 kWh (13.9%) for the low
energy group (significant at the p < 0.05 level using a two-
tailed test) and from 2990 kWh to 3114 kWh (4.2%) for the
high-energy group. The decrease in total consumption in the
medium energy group was due to a decrease in continuous and
standby consumption, from 402 kWh to 389 kWh (—3.1%),
and in cold appliance consumption, from 577 kWh to 559 kWh
(=3.3%).

6. Discussion

This study has focussed on a relatively small number of
dwellings (72), all of which were occupied from 1-3 years
before monitoring began and the majority of which were
modestly sized social housing. It would not therefore be wise to
draw sweeping conclusions from the analysis or to make strong
statements concerning policies to reduce the CO, emissions in
the UK housing stock. The study does however support the

Table 5

Electricity consumption statistics for all households by energy group

Paired samples #-test (year 1 to year 2 difference)

Annual electricity consumption (kW) mean

Energy group

Electricity consumption

category

(standard deviation) range: minimum to maximum

Significance
(one-tailed)

t value Significance
(two-tailed)

95% confidence
interval (KW):

lower to upper

Mean

Year 2 Mean

Year 1

increase
(%)

increase
(kW)

0.018

0.036

22

14 to 376

11.0

195

1964 (554) 920 to 3447

1770 (322) 902 to 2160

Low

Total household

(n=172)

0.438

0.875

0.2
1.5

—270 to 231
—87 to 582

-19
247

2689 (319) 2174 to 3247 2670 (687) 1195 to 4600

Medium

High

0.070

0.140

5.1

5088 (1484) 2994 to 8775

4841 (1198) 3273 to 7743

0.061

0.122

1.6

—23to 179

26.3

78

375 (232) 74 to 1015

297 (271) 85 to 1265

Low

Continuous and

=72)

standby (n

0.316

0.631
0.81

—67 to 41 —0.5

-3.1

—13

389 (167) 140 to 814

402 (234) 117 to 1054

Medium

High

0.405

1.8

—0.5
-0.7

—16 to 253

10.7
-2.6
-33

119

1222 (936) 114 to 3715

1104 (843) 90 to 3375

0.296

0.591

—68 to 40
—75 to 37
—52 to 61
0 to 262

—14
-19

521 (265) 85 to 1044

Low 535 (273) 118 to 1137

Cold (n=72)

0.248

0.496

559 (182) 279 to 1051

577 (203) 313 to 975

Medium

High

0.435

0.870
0.050

0.2

0.6
139

752 (300) 324 to 1464

747 (295) 314 to 1570

0.025

2.1

131

1069 (445) 383 to 2212

938 (304) 333 to 1495

Low

=72)

Active (n

0.454

0.907

—199 to 223 0.1

—100 to 348

0.7

12
124

1710 (403) 952 to 2533 1722 (659) 548 to 3575

Medium
High

0.132

0.264

3114 (1024) 1441 to 5254 4.2 1.1

2990 (959) 1661 to 5269
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observations of others that there is a growing demand for
electricity and that the consumption of appliances that are
either continuously on or in standby mode (continuous and
standby consumption) is an area that might usefully be
addressed to reduce the UK’s CO, emissions. This is
demonstrated firstly because the continuous and standby
energy consumed, of which the standby energy serves no
useful function, is relatively high (around 19% of the total) for
the group of dwellings studied and secondly because it appears
to be an area in which consumption is growing (by 10.2% on
average over just 2 years in the study).

The total increase in energy consumption of the 72
dwellings was 4.5% in just 2 years. This is rather higher than
reported elsewhere, e.g. an increase of 1.2% for households for
the nation as a whole between 2001 and 2004 [8]. The
difference could well be because the houses are relatively new
and the occupants were in the process of furnishing their new
homes with new or replacement appliances. It would be
constructive to continue the monitoring to assess whether the
observed trend continues. Elsewhere within the CaRB project a
longitudinal study is being set up which should enable the long-
term trends in domestic electrical use to be charted for a sample
of houses that is more statistically representative of UK
households [32].

This study made use of the monitored whole house
electricity consumption data from which trends in the energy
consumption groups could be inferred. It is possible that with
more sophisticated analysis, perhaps linked to limited
individual appliance monitoring, much greater insight into
individual active appliance usage (frequency and duration)
could be gained; this is being exploited in the CaRB project.
From the results available here we can hypothesise that the
increase in total consumption, primarily in continuous and
standby energy use but also in active appliance use, could be
due to either: the presence in the dwellings of more appliances
with standby and active modes; the presence of more appliances
that are continuously on; the replacement of older products with
newer ones that consume more energy in one or other of these
modes; or the more frequent use of standby and active
appliances. Subjectively one can imagine that any or all of these
could be true: many households are purchasing poorly designed
IT equipment (modems, printers, scanners, etc.) that are always
on and older CRT TVs are being replaced with larger flat screen
(LCD or plasma) TVs which incorporate a standby mode and
consume more power. Only by linking measured data, such as
that used in this paper, with quantitative surveys of appliance
ownership can greater insight can be gained and only by linking
such studies with qualitative social science research to
understand the motivations and drivers for appliance usage,
can policies for reducing consumption can be reliably framed.
Work of the latter type, which focuses on lighting energy use,
has already been started in the CaRB project and will be
extended to cover other end uses [33]. A further study aims to
collect high frequency data of individual appliance consump-
tion in around 40 homes which, combined with measurements
of whole house consumption, will build on the techniques
described in this paper.

7. Conclusions

A longitudinal study of electricity consumption in a sample
of UK domestic buildings has been carried out which identifies
the trends in their appliance energy use. Whole house electric
power consumption measurements, recorded on a five-minutely
basis for 72 dwellings over a 2-year monitoring period, has
been used to demonstrate a series of new analysis techniques to
improve understanding of domestic electricity use. The
techniques distinguish the consumption of three appliance
groups: continuous appliances and standby appliances in
standby mode; cold appliances; and active appliances including
standby appliances in use. Key conclusions are:

e There is great variation in the annual electricity consumption
of the dwellings. Even those dwellings on the same site and
with similar built form have notably different annual
electricity consumptions. This suggests that built form is
not a strong determining factor in household electricity use
and instead factors such as number of occupants, number and
type of appliances, and occupancy patterns may be more
relevant.

e Annual electricity consumption of the dwellings increased

from the first to the second year of monitoring, from

3100 kWh to 3241 kWh (4.5%). This result was significant at

the p < 0.05 level (using the one-tailed p value) and is

illustrative of the trend in rising electricity consumption of
the UK housing stock. The contributing factors to this
increase were shown to be increases in consumption from
continuous, standby and active appliances. Continuous and
standby electricity consumption (from continuous appliances
and standby appliances in standby mode) increased on
average by 10.2% (from 601 kWh to 662 kWh) and active
appliance consumption by 4.7% (from 1879 kWh to

1968 kWh). Cold appliances were shown not to have

contributed to the overall increase in household electricity

consumption: on average a 1.5% decrease (from 620 kWh to

610 kWh) was observed.

The low and high-energy users were responsible for the

overall increase in electricity consumption in the monitored

dwellings. The total annual consumption of the low energy
group increased by 11% (from 1770 kWh to 1964 kWh) over

the monitoring period and the high-energy group by 5.1%

(from 4841 kWh to 5088 kWh). The medium energy group

reduced consumption slightly by 0.7% (from 2689 kWh to

2670 kWh) during the monitoring period. It was the increase

in continuous and standby consumption and active con-

sumption which caused the rise in total consumption in the
low and high-energy users.

This work has demonstrated the role of monitoring in
understanding the trends in electricity consumption in dwell-
ings and also established the need for qualitative and
quantitative studies to explore the factors (technical, socio-
demographic and behavioural) which influence these trends.
This work is continuing within the CaRB project and will build
on the findings presented in this paper.
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