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ABSTRACT: This papeidescribes a stui of residentialconsumption characterizationthedistrict metring
area (DMA) level, taking into consideration billingpcio-demographic and infrastructure-relatedofiactThe
article describes the methodology used and preseatsesults of its application to a set of 20 retdis-
tricts in the Lisbon (Portugal) metropolitan regiaver a period of 12 months of continuous monigyiin-
cluding the analysis of consumption scenarios;egtenation of daily consumption patterns; and tiel\s of
the most relevant factors that influence consumptithe modelling of consumption patterns involvid t
analysis of large consumers, the identificatioc@isumption scenarios and the estimation of dahsamp-
tion patterns. Multivariate statistical analysegeavearried out to obtain factors and identify tloerelations
with consumption statistics. The main correlatiomh daily, weekly and seasonal statistics are show

1 INTRODUCTION ply because they haven’t been built yet (Lour&ito

al. 2006; Warren and Cunningham 2007).
Detailed knowledge of water consumption is essen- Different approaches have been deployed for wa-
tial for the best management and operation of a waer consumption modelling, by varying the spatial
ter utility, both in terms of common statisticsgle. scale (i.e., size of network or population seraal)
minimum night flows, instantaneous, daily andthe time discretisation (e.g., 1 second, 1 minlge,
monthly peak consumption), and as regards longminutes), depending on the purpose. Buchberger and
term, seasonal, weekly and daily behaviours. RrofilWells (1996) concluded that the behaviour of de-
ing minimum night flow is crucial in controlling wa mand over time can be represented by a combination
ter losses (Almandoet al 2005; Buchberger and of rectangular pulses, which is the basis of many
Nadimpalli 2004); peak consumption values andmodels that estimate daily demand pattern and night
their timing are important for network design oruse at household level (Blokket al 2009; Garcia
household flowmeter selection (Javier al. 2008; et al 2003; Garciat al. 2004). At network district
Orazio et al 2009); demand prediction allows for metering area (DMA) level, different statisticabdi
better scheduling of pumping to service reservoirstributions have been used to simulate each time of
taking advantage of lower cost power tariffs; waterday (Coelho 1988; De Marinist al. 2006). Model-
quality models are strongly dependant on the watding of peak water demand and characterization of
demand paths incorporated in the hydraulic modediactors that can influence it is fundamental fos-sy
(Blokker et al. 2009); detailed daily behaviour yields tem design (Tricaricoet al 2005; Zhanget al
some of the best available insights into urbanaoci 2005).
patterns on a continuously monitorable basis (Cor- This paper presents the results for the first 12
ral-Verdugoet al 2003; Domene and Sauri 2006); months of a consumption study in the cities of Oei-
and a solid knowledge of consumption is essential iras and Amadora, in the Lisbon (Portugal) metro-
implementing measures to improve efficient watejitan area, with the purpose of establishing the
use (Diast al 2007). most important factors influencing consumption at

The assessment of the most important SOCIGa network level, for the systems involved. A ekt

demographic and technical factors influencing th . . o
various components of human consumption is esse%—o residential urban network district areas was se-

tial in understanding and predicting its behavior _e_cted, raf_‘ging from 1000 _to 5000 properties serv_ed
and is particularly useful when extrapolating forwith a variety of consumption behaviours and socio-

networks and expansions where flow data are nélemographic contexts. The network districts are all
available, either because they are unmetered or sirgontinuously monitored and the study benefited



from the availability of fully updated, calibrated condition, pressure levels, pipe and household con-

network models of all areas concerned. nection failure rates, among others) and annuél bil
The main scientific contribution of the researching and customer data. Socio-demographic data, re-

presented in this paper is the systematic approad@ted to buildings, households and families, is

developed for water demand characterisation, paebtained from the current census (2001), publicly
ticularly at the DMA level. available as a GIS data layer. A GIS tool has been

developed to intersect the census’s statisticalsuni

with the area served by each DMA. Network flow
2 METHODOLOGY data is validated using automated algorithms terfil

out abnormal flows (such as negative values, param-

A general methodology has been developegterization problems, pipe breaks) and flow records
(Loureiro 2006) to analyse consumption in water@ré standardised in 15 minutes intervals (i.ey&6
distribution systems at different levels of spatialues per day).

(e.g., DMA, individual property) and time discretis In Module 3, consumption is modelled in order to
tion (e.g., 1 min, 15 min). This methodology, pre-obtain daily consumption patterns and flow statssti
sented in Figure 1, is divided into 5 main modulessuch as peak flow values, minimum night flow and
Each module can be further detailed depending o@verage flow. After processing all time series in
the level and objective of consumption analysisMlodule 2, water balances are performed in the case

(e.g., Leakage assessment, demand estimation, pr@-DMA with multiple sources or in the cases where
sure management). large consumers exist and their detailed flow régsor

are available. Pattern analyses, using clusteryanal
sis, were carried out for the identification of the

DMA Selection
T

Module 1

' [ Network flowdain ] main consumption scenarios, mainly in terms of sea-
| Data Collestion | Sicadeseneaa | Sonal, weekly and daily patterns.
Module 2 | [ Social-demographic data | In Module 4, a set of infrastructural, billing and
| D““‘V"‘“d"“i"“f‘“dp'°°e“i“g | [ infastucture data | be customer, and Census data variables has been se
| Corae commers amaoy i | lected. Principal Component Analysis (PCA) was
Module 3 — _ used in o_rder to reduc_e the number of varlabl_ebe_to
| [dentification of sonsumption | related with consumption, and to reduce or elingnat
| R —— | information redundancy. Relations between factors
: (i.e., new varlables) and consumption gtatlstloaeha
[ Comsmctonofficos | [ Networkflow factors | been analyse_d using correlation matrix, PCA and
Voduled - [Billing and customer factors| cluster analysis.
| Eactor analyss | Socil-demogaphic fctors Module 5 aims to forecast daily consumption pat-
[ Conmumption S — | “ ”H“ - temns based on the most relevant factors. Thisrpape
I presents results obtained in Modules 1 through 4.
Module 5 ‘ Consumption forecascting ‘
Figure 1 — General methodology. 3 CASE STUDY SELECTION

In this paper, the methodology is applied at DMAAs previously mentioned, Module 1 imposes a set of
level. This is part of a broader research effodt th requirements for DMA selection. The DMA must be
includes the application of this methodology to apredominantly residential for each consumption sce-
larger number of case studies nationwide, coveringario (household billed consumption > 70% total
areas with widely varying urban, infrastructuratlan consumption) and must correspond to stabilized ur-
socio-demographic characteristics. This effort willpan areas. Any large consumer (i.e., those whose
start a national database of demand patterns aad daonsumption is likely to have a significant effect
as a function of socio-demographic and infrastructotal inflow and on its daily pattern) must be indi
tural factors. vidually metered.

Module 1 of the methodology establishes the re- Total inflow must be metered through reliable
quirements for DMA selection in terms of usersand adequately sized and fitted flowmeters. The
(number and type), metering (i.e., meter accuracysoundaries of the network district must be clearly
type of users metered), network (i.e. operating- condefined and watertight (either permanently or dyrin
ditions), and consumption data (i.e., time step andata collection). Operating configurations must be
duration). registered and kept constant in all metering period

Module 2 is where data collecting, validating and(such as, e.g., for different seasons) to ensute da
processing takes place. Additionally to networkwflo consistency.
data, water utilities provide GIS-referenced nekvor  The recommended flow monitoring frequency is
data (no. household connections, pipeline type angio to 15 minutes, recording either total or average



flow over the time step. That frequency is thought 4 MODELLING OF CONSUMPTION
be sufficiently detailed for a correct depiction of PATTERNS

daily variation and identification of a good sethaf

haviour features. Shorter time steps will yieldieg 4.1 The impact of large consumers

detail but also dramatically increase data storage Large consumers, such as schools, hotels or a local

quirements. One limitation of using a 10 to 15 m'nmarket, can have a significant impact on the total

ngtisrfeprieSa}hlislgzz ?ﬁ:rﬁtagli ahr;dﬂtgvisdifgg“g}ﬁst'imebilled consumption and exhibit a daily pattern tisat
9 9 ' mpletely different from residential users. Idénti

. 0
step Is too large to assess the actual leakage ba@%tion and metering of large consumers is funda-

ground flow. mental because the i
: : y can influence the overall DMA
The study involved the analysis of twenty DMA, .« 1otion pattern and get in the way of the accu-

In the cities of Oeiras and Amadora, located in theo" naracterization of patterns or the use of-alg
greater Lisbon metropolitan area (Portugal), 89N ihms for automated filtering out of abnormal pgak
between 1000 and 5000 households served. The m Uch as those due to pipe breaks)

tered network districts are mostly made up of jdast A set of 22 large consumers with 12 months of

pipes (Figure 2), with recorded pipe failure rasés consumption data was analysed. Large consumers
between 14 and 88/100 km/year and household co Jere gr?)uped in six catego¥ies .(Figugre 3). Large

Ece)cg,(éﬂolfg”%:)ennggzng; ebaertwa%n sghc?lgld ngls 10rg onsumers represent 2 to 10% of the total DMA
u year. u UMBsilled consumption; their individual consumption

tion varies between 222 and 420 |/household/day. ranges between 500 and 3500 liclient/day, showing a
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) ) . . Figure 3. Billed consumption and consumption péentlfor
The study involved the collection of information |arge consumers.

which is not usually analyzed together, with impor-
tant differentiation in time and spatial aggregatio

Twelve months of network flow records (with 10-15
min time steps) were used, together with detailec 100+
billing data obtained from bi-monthly readings

120

With large consumer

(household and non-household consumption) for the £ / ' \1 \ ‘

same period. Socio-demographic data for the popu Z60y || W H w‘\ | VA / | | VW ! |

lations supplied were obtained from the 2001 Censu 2 ,, | ( | 3 “ﬂ 4 “‘\ “‘ A 1) “"1\

database, available on a GIS georeferenced form: f LAY I b \

as previously mentioned. ZOMH U” '”Lﬁ MU\ wﬂv‘ ' ” U
GIS pipe network and service connection data, | [N W (O TN 1 9 1 NN AN i

ar_1d information about pipe and service connection: sn Mon Twe Wed Thu  Fri  Sat  Sun
failures were also collected. The variety of soarce Weekday
of information underpinned the need for enforcing a Network flow with LG Institution 1

) 4 Wi e IV Lty ¢ Institution Network flow without LC

rigorous set of data requirements, fundamental fo. e ST

methodology validation. Figure 4. Network flow and large consumers dailyetiseries
for DMA “M”.

Figure 4 shows the impact of large consumers on
the network flow in a sample district (DMA “M”),
where the large consumers represent 15% of total
annual billed consumption; this behaviour is com-
pletely different from that observed in DMA “NO”



(Figure 5), where large consumers represent 19% aihalyses, such as used for design or operatiomal pu
total annual billed consumption, but their consump+{poses, depend heavily on this key element and asso-
tion is more homogeneously distributed along the 24iated flow statistics, such as peak factors. Tee d
hours. Consumption scenarios for each large cortermination of such daily consumption patterns is
sumer were identified using cluster analysis andbased on the statistical processing of continuous
daily consumption patterns where estimated. Theetwork flow records, in order to obtain the averag
daily patterns of large consumers are essential farurve over the 24 hours of the day.

network modelling.
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"""" Research 2 Network without L(
Figure 5. Network flow and large consumers daityetiseries Each point of a daily curve represents all the con-
for DMA *NO”. sumption values recorded at that particular time of
the day, for that particular day of the week. Ide
4.2 Daily consumption patterns term trends are removed, consumption behaves as a

o ... simple random variable. Statistics of random vari-
One of the goals of pattern analysis is the ideaf apjes may then be applied, in order to test if abar
tion of homogeneous and representative periods i@ristics and trends identified in the observation
def|ne pattern scenarios. In a ShOI‘t term (IG’]Uah Stage are meaningfu'_ C0e|h0 (1988)’ using con-
base) patterns can vary throughout the year, inflisymption data from urban areas near Lisbon, has
enced by seasonal effects, the week or the dag- Clushown that these cross distributions tended to pre-
ter analysis was used to group months, week and iRant several peaks and be rather scattered; feigt ef
stantaneous  behaviour using hourly  datageems to attenuate significantly when the raw flow
Agglomerative hierarchical clustering has beeryata is divided by its corresponding daily average,
adopted and different distance measures and tyfjpes Sroducing a dimensionless pattern (Figure 8).

linkage were tested. _ 25
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Figure 6. Dendrogram for categories of “day” valéalfor (#) Int. 90% === Mean () Int. 90%

DMA “CS” during January, February and December.
Figure 8. Dimensionless daily consumption pattenmn DMA
Figure 6 shows the results of agglomerative hierarAA" during weekdays.

chical clustering using Euclidean distances an .
Ward’s method as type of linkage. The dendrogran] © complement the mean curve, confidence bands,

clearly shows two clusters for the “day” variable; 0 _€xpress dispersion at each point have been ob-
one for weekdays and another for weekend and holf&in€d. Following Coelho (1988), the log-normal

days. Daily consumption patterns are shown in Figdistribution was retained for the computation of
ure 7. daily patterns in this study.

Daily consumption patterns are a prime tool for Daily, weekly and seasonal statistics flows have
studying and translating user behaviour and watdf€€n calculated. Figure 9 shows the variation of
use variations throughout the day. Network modelP€ak factors (monthly, daily and instantaneous) for
ling and several other engineering and planning€ Set of twenty DMA analysed. Monthly and daily



peak factors are homogeneous across the analyseariables were used to correlate with consumption

DMA, while instantaneous peak factors have greatevariables.

variability. Comparing with design values, the dif- Pipe and service connection failures were not

ference is not very significant in terms of instant used for the construction of these factors, sinostm

neous peak factors, with exception of three DMA:of water utilities do not have historical data dgse

ALF, CS and LC. gated by DMA and categorized by pipe and per ser-
vice connection.
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Figure 10. Projection of infrastructure variabtes Factors 1
and 2 (Varimax Rotation Method).

5 FACTOR ANALYSIS _ o
Figure 11 presents the projection of cases onifacto
Previously to consumption characterization a set ot-2 and allows a characterization of the DMA re-
variables were obtained from infrastructural, seciogdarding infrastructure. Group | identifies DMA with
demographic, billing and customer information at2 high rate of asbestos cement pipes, whereas Group
the DMA level. Due to the large number of variables! matches DMA with a low density of service con-
obtained, it is important to aggregate informationnections and rate of iron pipes, and a high ratie- of
into new more synthetic dimensions and at the sanfégation service connections and higher pipe diame-
time detecting previously redundant variables withier. Group Ill corresponds to DMA with recent pipes
out losing significant information. To achieve thisand high rate of plastic pipes. Group IV correspond
goal, Principal Component Analysis (PCA) has beeio DMA with a high density of service connections
performed. The number of factors to be retained wagnd high rate of iron pipes.
established based on two criteria: Eigen values >"

and total variance > 80%. In order to obtain arclea

pattern of variables that contribute to the new fac s (1 R

tors, that is, factors that are somehow clearlykexr 0 s MN

by high loadings for some variables and low load- ] "o (n)

ings for others the Varimax Rotation Method was os 56 oal M

used. 5 i ¢ NO
Figure 10 shows the projection of infrastructure & °° o

variables on the Factors 1-2. These new factors a s} &M A;’;UE FC iy

low an explanation of 80% of initial variance. Ac- R i

cording to Factor 1, pipe age and plastic pipes rat *° °

are positively associated and both vary inversel (V) A

with asbestos cement pipe rate. Thus, this fathat, e

compares DMA with younger pipes and with a 2 5 o0 08 o0 o 10 is 20 25
higher proportion of plastic pipes to DMA with a Factor

higher rate of asbestos cement pipes was designated o .

the “pipe material factor”. Factor 2 - service cean E(')gn“{ﬁe%hl(;dfrojecnon of DMA on Factors 1-2 (vasinrota-

tion - associates network with large diameter to a
high (:!ensny of irrigation service connections and Although, pipe and service connection failures
opposites these variables to a high density OfiGeIV \yere not used for Factors construction, it was-veri

connections and a high rate of iron pipe. These nefeq that DMA with a high rate of asbestos cement
pipes have a high rate of service connection fedur



(Figure 12). Regarding pipe failure it was not poss

ble to find any reliable correlation with other riaf

structure variables.
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Figure 12. Characterization of DMA considering atbe ce-

ment pipe rate and service connection failure.

Table 1 summarizes the factors obtained for infra s _
structure and socio-demographic categories and tt * 20

variables that contribute for each factor.

Table 1. Factors composition per category and lputivari-

ables.
Categony] Factors | Input variables |
© Pipe Mate- Pipe age (year)
5 rial Plastic pipes (%)
g Asbestos cement pipes (%)
7 Service Irrigation service connections (%)
g connection Pipe diameter (mm)
£ Service connections density
Iron pipes (%)
Building Buildings with age >27 years (%)
Age Buildings with age < 16 years (%)
Building Buildings with 1-2 floor (%)
height Buildings with > 5 floor (%)
E Social University graduates (%)
=3 stratifica-  Economic mobility (%),
> tion Population with< 9 years of educa-
o .
£ tion(%),
3 Population working in the munici-
g pality (%)
3 Age Population above age 65 years(%)
Inactive workers (%)
Family Families with adolescents (%)
structure Families with elderly (%)
Small families (1- 2 elements) (%)
Medium Families (3-4 elem.) (%)

6 WATER CONSUMPTION CORRELATIONS

Statistical multivariate analyses, such as coriaiat

Figure 14 shows the variation of minimum con-

sumption with material factor. Material factor in-
creases with more recent pipe networks and the rate
plastic pipes and decreases with the rate of asbest
cement (AC) pipes. The correlation is negativei-ind
cating that high values of minimum night flow area
are associated to DMA to a high rate of AC pipes.
Figure 15 shows daily consumption patterns for
DMA “ALF” and DMA “FN” for week days.
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Figure 13. Characterization of DMA considering Madgitpeak
factor and social stratification factor.
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Figure 14. Characterization of DMA considering mimim
night flow and the pipe material factor.

matrix, PCA and cluster analysis, were used to-iden
tify relations between consumption and the factors

presented previously. Figure 13 illustrates theavar
tion of monthly peak factor against the socialtstra

fication factor.

This factor increases with the rate of university

graduates and economic mobility, and decreases

with population with > 9 years of education and
working locally in the municipality. The correlatio
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is positive, which indicates that DMA with high rigyre 15. Daily consumption pattern for (a) DMANFand
peak factors are associated with a population @ith (b) DMA “ALF” during weekdays.

high rate of university graduates and high mohility
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