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Abstract: The operation of buildings is significant among the human activities that withdraw water
from nature, and evaluating the water efficiency of buildings is essential for sustainable development.
Hence, this paper aims to assess the water efficiency in school buildings to identify benchmarks that
could be used as targets in water-saving initiatives alongside highlighting which type of variable is
more influential for each building. A cluster benchmarking system was developed and applied to
82 public school buildings in Florianépolis, Brazil. Data were obtained from the state water supply
company and both state and municipal education departments. Water consumption drivers were
defined through a literature review and the language R was used for clustering the sample. Water
efficiency was then evaluated using suitable indicators for occupation conditions, building rooms
and spaces and water appliances. High and low-efficiency buildings were identified in the five
clusters generated through the k-means algorithm. Schools with excessively low or high consumption
that could be related either to the under-measurement or leaks were identified, which is useful
for water network management. In conclusion, water-efficient school buildings were highlighted
as benchmarks and the type of variables that should be addressed for enhancing the accuracy of
water-saving initiatives were highlighted.

Keywords: water consumption; buildings; water efficiency; cluster analysis; benchmarking

1. Introduction

There is a growing concern that the intensification of some human activities, such
as the burning of fossil fuels and deforestation, strongly affect environmental conditions
on Earth [1]. Population growth, pollution of water sources, urban sprawl, agricultural
irrigation, climate change and droughts are factors that contribute to the imbalance between
water availability and demand [2]. In this scenario, the availability of water is among
the natural resources facing alarming prospects. The trend of intense urbanisation and
population growth may be as relevant to the tension over water availability as climate
changes [2,3]. Human-induced climate change impacts the hydrological cycle and therefore
water availability [4], and great urban growth is expected worldwide, which will be
accompanied by an increase in the demand for water [5].

Buildings contribute to water consumption in a significant way. Out of the total water
withdrawn from nature, the amount consumed in buildings could range from 25 to 33%
in developing and developed countries [6,7]. To find data that support solutions for the
imbalance between the use of water resources and development, several strategies have
been presented in engineering and environmental sciences. Among them, benchmarking is
a methodology that can be used to compare similar processes of a given activity to highlight
the one with the best performance [8,9].

Among buildings that could be assessed through benchmarking systems, schools
were highlighted in this research. Considering the school building as an environmental
system allows understanding its way of operation, identifying relationships between its
components and proposing improvements. In other words, it allows modelling such a

Sustainability 2022, 14, 3794. https:/ /doi.org/10.3390/su14073794

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14073794
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9374-1865
https://orcid.org/0000-0001-5918-6397
https://doi.org/10.3390/su14073794
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14073794?type=check_update&version=2

Sustainability 2022, 14, 3794

20f16

system, which allows designing policies or programmes for the rational use of water that
are feasible as they consider the characteristics of the building. What can happen is that
the initiative or programme to save water cannot be applied due to differences between
the reference building and the one in which it is being applied. Another possibility is that
the programme is applied in a building that already operates at high efficiency and does
not present measurable improvements, making it appear that such a programme is not
properly formulated, as the results are of little impact.

Benchmarking allows comparing the equivalent processes of a given activity to seek
the one that constitutes a more advantageous performance and could present slight varia-
tions [8,10]. Although it is commonly used for comparing processes, benchmarking systems
allow identifying a reference point for systematically determining how to compare it to
other components. Moreover, there are mainly three types of benchmarking: one related to
processes, one that deals with performance analysis and one that compares strategies [11].

Techniques for benchmarking are based on establishing an efficient border in which
each element analysed occupies a relative position, making it possible to compare outputs
and inputs throughout the system to verify differences. It is noteworthy that the most
crucial aspect of such techniques is the selection of the efficiency measures adopted [12,13].
These efficiency measures, in the form of indicators, are what allow the benchmarking
system to validate the results [12]. Therefore, benchmarking is an attempt to establish
criteria that represent a certain phenomenon that occurred as desired (e.g. low water
consumption in a building) to be indicators or targets for similar elements. The process is
based on the following inference: if up to a certain component of the process evaluated,
the results were similar to the reference then the final result will also be similar. These
references of performance are called benchmarks or reference points.

The characterisation of how variables influence water consumption in buildings is es-
sential to perform suitable benchmarking systems. It has been pointed out that many water
consumption estimates for buildings consider the simple consumption index [14], which is
the volume consumed by the users, and significant variables could be not considered in the
process. Furthermore, a great variation in the water consumption in educational buildings
has been found [9,15]. This leads to no real indicators of water consumption, which can
result in inadequate water designs for buildings.

In addition to a great variation in the water consumption in school buildings, the work
of Antunes and Ghisi [15] highlighted potential potable water savings up to 5431 litres
per day in a school building by implementing water-saving initiatives such as rainwater
harvesting. However, the challenge is how to choose in which building such initiatives
should be implemented. Performing water consumption benchmarking could reveal
buildings that need this kind of improvement.

Considering this context of water availability and buildings sustainability, this work
presents a benchmarking system used to evaluate water consumption in a set of public
school buildings in the city of Floriandpolis, southern Brazil. A model for clustering
benchmarking data is presented, and useful results are shown for managing such a water
distribution network.

2. Materials and Methods
2.1. The Case Study of Floriandpolis

Florianopolis is the capital city of the state of Santa Catarina, southern Brazil. Flo-
riandpolis has 516,524 inhabitants [16], is located at 27°35'49" S, 48°32'56” W [17] and is
composed of a continental portion and an island, as Figure 1 shows. A sample of public
schools was investigated to understand how water consumption occurs according to their
constructive characteristics as well as their regular occupation status and which school
buildings present higher degrees of efficiency.
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Figure 1. The location of the city of Floriandpolis, Brazil.

When compared to other cities in Brazil, Florianépolis is well positioned in terms of
employment and income, ranking 11 out of the 5570 Brazilian municipalities [16]. The
island region is, in fact, less dense than the mainland. However, the central and northern
regions contain areas with a population density similar to that found on the mainland.
Other cities compose the metropolitan region, such as Sao José, Biguagu and Palhoga.

The sample was composed of elementary, middle and high schools, as well as daycare
centres. The majority of buildings investigated were single storey but buildings with up to
five storeys were found.

2.2. Definition of Variables and Clustering Analysis

Several phases were carried out to benchmark the water efficiency in public school
buildings in Floriandpolis. In a first step, data were collected from schools in three paths:
online survey, questionnaires and water consumption in the local water distribution state
company. The average monthly water consumption for each school was calculated from
the monthly measurement data carried out by the state water company, which were made
available for this investigation.

In the online survey and questionnaires, three sets of variables were used to collect
and organise data: buildings rooms and spaces, occupation conditions (status) and the
number of water appliances. In the category of variables related to rooms and spaces of
buildings variables such as the number of classrooms, the number of sports courts and the
existence of a vegetable garden that has the necessity of regular watering were addressed.
The occupation conditions included the number of students and the number of teachers
and staff. The water appliances category considered the existence or the number of types
of devices that consume water in a building. Each school building was identified through a
number code in the benchmarking system.

Then, a cluster analysis was performed in the R language to isolate clusters internally
similar. Using “FactoMineR”, “factoextra” and “cluster” packages [18] the data were
normalised, organised and clustering functions were used to find the optimal number of
clusters for the sample and clusters configuration. This stage took into account 31 variables
related to water consumption in buildings that were defined through a literature review.

Influential variables for water consumption in buildings were addressed by Dias
et al. [19]. Using a statistical model, this study found that water consumption increases
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with the age of the building and its distance to the city centre. Both size and occupation
variables strongly influence water consumption. According to these findings, variables
related to buildings rooms and spaces and occupational conditions were included in the
model for assessing water consumption presented in this paper.

Considering residential buildings, Garcia et al. [20] identified drivers for water con-
sumption in 108 single-family households using questionnaires. Variables investigated
include socioeconomic and demographic characteristics, construction data, water appli-
ances and water-use habits. The total number of variables investigated was 57. Construc-
tion data included the number of bathrooms, the building age and the built area of the
city as variables. Statistically significant variables were highlighted to be addressed in
water-saving initiatives [20].

The study of water consumption drivers in buildings can vary from the type of
building evaluated. According to Ywashima [21], the non-rational use of water can be
often detected in schools as the user is not responsible for paying the water bill. In that
sense, determinant variables for water consumption in school buildings were investigated
by Pedroso [14]. In monitoring the water consumption in 13 school buildings, models
were developed through multiple regression techniques and the results showed the main
contributor variables for water consumption. At kindergarten school buildings, daily
maximum local temperature, the impervious area of buildings and the number of toilets
with flushing valves were highlighted as the main contributors to water consumption. As
for the basic school buildings, the main contributors were the daily maximum temperature,
the total permeable areas and the number of classrooms [14].

Considering variables investigated in the literature to either perform water bench-
marking or identify main drivers for water use in buildings, variables to be investigated in
the benchmarking system presented in this paper were defined. Such variables are shown
in Figure 2.

Number of: -daytime staff;
-morning students; -night time staff;
-afternoon students; -daytime teachers; ( Number of:
-full-time students; -night time teachers; -toilet with flush valve:
-night students; -toilet with flush tank;
-administration; -ba‘.t 111'0011.1 stk .tap:
 Cuse of the school at weekends; Y ::Eiﬁ:i gil(();fllilal)
Number of: \ V -external tap (garden);
-classrooms; Occupation status - senerdlipermossiindoorap:
-building floors; o — ’
-playgrounds; Influential Water < kitchen sink tap:
-vegetable garden > SPAces appliances | \ _jin1ing fountain tap;
f)llcitgjlll(eisl'l. = —\yall dJ'inlfing fotmtains’:
L I ‘ ater , -simple drinking fountains;
-cafeteria, consumption -laundry sink;
-bathrooms; j ’

\-washiug machine.
Figure 2. Variables were investigated into three categories.

Each variable was presented either as a categorical or non-categorical variable, i.e.
responses could be yes or no (use of building at weekend) or the quantity of each item
(number of students). The categorical variables were converted to binary 0-1 form to
compose the dataset used in the R language. Administration refers to whether the school
is administrated by the municipality of Florianopolis or by the government of the state of
Santa Catarina. This variable was also converted into a binary number form.

In the clustering analysis, a hierarchical method was used through the method of
Ward to generate a dendrogram as an exploratory step in the R language. Then, the within-
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sum of squares method (elbow method) was used to determine the optimal number of
clusters to be used in the k-means algorithm. This method indicates the optimal number of
clusters for a sample according to the variables involved [22]. Then, an optimal number of
clusters suitable to the nonhierarchical method of the k-means was generated to support
the developed method.

A benchmarking system was developed to compare water consumption between
buildings in each cluster considering the sets of variables defined previously. First, build-
ings in each cluster were sorted using both monthly water consumption (m?®) and daily
per capita water consumption (L), which allowed us to rank water consumption for each
cluster, which was the first stage of the benchmarking system.

The information on water consumption in a month or by a user may not be enough to
evaluate water efficiency in a building. To properly compare such information, indicators
were developed according to how well water is consumed considering the influential
spaces for water consumption existing in the buildings, the water appliances available and
the population that use such buildings daily. Such indicators not only compose the general
consumption indicator, which is the main indicator, but also indicate which type of variable
can be more responsible for water efficiency level in each building, whether it is low and
efficient or high and optimisable.

2.3. Indicators for Evaluating Water Consumption

The sets of variables obtained in the previous stage were used to generate three indica-
tors, which composed the general consumption indicator, which shows the water efficiency.
The first one was the indicator of water consumption per school regular population (ICP).
To compose such an indicator the daily per capita water consumption was calculated.
When converting the average monthly consumption from cubic metres to litres and consid-
ering the school days per month, the daily per capita consumption was calculated using
Equation (1).

(Cmm /P, e)

Cape = 5= M

where:

Cipe 1s the daily per capita water consumption (L);

Cum is the average monthly water consumption (m?);
P is the number of users that compose the school regular population;
dr, is the average number of school days in a month.

The calculation of daily per capita water consumption using school days was necessary
to evenly compare the per capita water consumption with other indicators to compose
the general water consumption efficiency. Although there is an influence of users’ ages
on water consumption, as shown in the work of Dias et al. [19] and Garcia et al. [20], the
difference of age among students, teachers and staff was not considered in this evaluation.

The indicator of water consumption per school regular population (ICP) for each
school building was calculated using Equation (2). The average daily consumption per
capita in the cluster was divided by the daily per capita water consumption of each building
to generate the decreasing indicator, which shows the best performance for that building
with lower consumption related to this set of variables.

ICP = Cypc/ Cipe @)

where:

e  ICPis the indicator of water consumption per school regular population (non-dimensional);
e Cgypc is the average daily per capita water consumption of the cluster (L);

e Cgy is the daily per capita water consumption of the evaluated building (L).

The second indicator was developed to measure how water is consumed considering
the rooms or spaces available in the building for the scholar community. These variables
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include influential indoor and outdoor spaces for water consumption according to the
literature [19,20,23-25], such as playground squares or sports courts. The indicator of
water consumption per influential space in the building (ICS) was necessary as not all
buildings surveyed presented the same pattern in terms of these characteristics. In contrast
to the population indicator that considered students, teachers and staff equivalently, in
the calculation of the water consumption per influential space indicator, the quantity of
each space was considered separately. First, a water consumption index (Cs) for each
space, was calculated. Equation (3) shows how an index for each type of building space
was calculated.

Cmm
Cy = MM 3
s Qs ©)

where:

e (g is the consumption index for each type of building space (non-dimensional);
e  Cpuy is the average monthly water consumption (m?);
e (g is the number of spaces of each type in the building.

The same procedure was carried out for the other influential spaces variables, as
shown in Equation (4). In this study, seven variables related to influential spaces available
in school buildings were investigated. The consumption per space index (Cg;) was then
calculated for the entire building as follows.

L Cs

Csi = s 4)

where:

o  (g;is the consumption per space index for the entire building (non-dimensional);
e (g is the consumption index per each type of building space (non-dimensional);
e g is the number of each type of space in the building.

The average consumption index per influential building space for water consumption
of the cluster evaluated was calculated by the sum of the consumption per space index (Cg;)
for each building divided by the number of school buildings in each cluster, according to
Equation (5).

Csi = LG ©)
nc

where:

e Cg; is the consumption per space index for the entire building in the cluster (non-
dimensional);
Cs is the consumption index per each type of building space (non-dimensional);
nc is the number of school buildings in the cluster.

Afterwards, the average consumption per space index for the cluster was divided by
the consumption index per each type of building space of the school analysed to generate a
descending ranking. Thus, the first position in such a ranking shows the best performance
for that building with the lowest consumption related to the influential spaces variables
for water consumption. The indicator of water consumption per influential space in the
building (ICS) was calculated using Equation (6).

ICS = == ©

where:

e ICS is the indicator of water consumption per influential space in the building
(non-dimensional);
Cs; is the average consumption per space index for the cluster (non-dimensional);
Cs; is the index of consumption per space for the evaluated building (non-dimensional).
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The third indicator was related to the number of water appliances in the buildings:
the indicator of consumption per water appliance (ICWA). Such an indicator took into
account, in addition to the quantities of each water appliance, their corresponding de-
sign flows [26,27]. The consumption index per water appliance was calculated using
Equation (7), and the quantities of water appliances in the buildings and their design flow

ratios were considered.
Cmm

Cwa = —————— 7
WA = N DFwa @)
where:
o Cpy is the water consumption per water appliance (non-dimensional);
e Cym is the average monthly water consumption (m3);
e Npy is the number of each type of water appliance in the building;
o DFyy if the design flow of each water appliance (L/s).

The average water consumption index related to each water appliance was calculated
using Equation (8). Such an index was calculated for each cluster.

E— C
Cour — Y Cwa
ng

®)

where:

Cw is the average water consumption related to each water appliance (non-dimensional);
Cwa is the water consumption related to each water appliance (non-dimensional);
ng is the number of valid observations (school buildings) in the cluster.

The indicator of consumption per water appliance (ICWA) was then calculated using
Equation (9). This indicator results from the ratio between the average consumption index
for water appliances in the cluster and the consumption index for water appliances for each
school building.

IowA = Swa 9)
Cwa
where:

e ICWA is the indicator of consumption per water appliance in the building
(non-dimensional);
Cw is the average water consumption related to each water appliance (non-dimensional);
Cwa is the water consumption related to each water appliance (non-dimensional).

Finally, a general water consumption indicator (IGC) was defined as the average of
the three previous indicators. Equation (10) shows its calculation. With the definition of
the indicator, the efficiency ranking can be defined and the benchmarks of each cluster can

be highlighted.
_ ICP+ICS+ICWA

ny

IGC

(10)

where:

IGC is the general consumption indicator (non-dimensional);
ICP is the indicator of water consumption per school regular population (non-dimensional);
ICS is the indicator of water consumption per influential space in the building
(non-dimensional);

e ICWA is the indicator of consumption per water appliance in the building
(non-dimensional);

e  nyis the number of indicators included in the evaluation system.

In the final stage of the benchmarking system, the indicators were attributed to the
sample of school buildings evaluated in each cluster. Sorting buildings using the general
consumption indicator allows a deeper evaluation of the performance of the buildings than
only using the rankings of water consumption that were firstly carried out.
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3. Results
3.1. Cluster Analysis Results

Eighty-two valid observations (school buildings) were obtained and composed the
sample, which underwent exploratory analysis. Firstly, the information was organised
into a suitable and scaled dataset, and each school building was represented through an
identification code. The dendrogram of clusters was carried out using hclust() function in
R language through the hierarchical method of Ward and the result is shown in Figure 3.
At this stage, the research was exploratory and was looking for an approximate number of
clusters to be used in the clustering by a non-hierarchical method.

36—

30
1

20
]

66

Height

10

o o B o o~ oy O
1x0®, oo G0, b Qiex0 X7 Y NOND T oI o
G e TR NEEARNIR o ooy e <

School buildings

Figure 3. Dendrogram resulted from the hierarchical clustering.

Notably, buildings 36 and 66 were sufficiently different from the others to constitute
their clusters in isolation. However, a visual analysis is not enough to determine the
number of clusters and has to be aided with other statistical procedures. Aiming at the
clustering through a non-hierarchical method with the k-means algorithm, the result of the
elbow method, shown in Figure 4, indicates three, five and eight clusters. According to the
elbow method, this indication can be seen when there are slight smoothing regions in the
descending curve.

25001 %
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N

o \
o
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'_
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Number of clusters k

Figure 4. Results of within-sum of squares—elbow method.

The number of clusters was defined to be used in the method of the k-means based on
the visual analysis of the dendrogram shown in Figure 3. One can see 3 clusters, in addition
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to school buildings 36 and 66, at a linkage distance equal to 15 by Ward’s method. The
formation of five clusters allows in-depth analysis in the benchmarking system following
steps. With the clusters formed by buildings 36 and 66, five clusters were generated in total.
The results of the k-means algorithm with five clusters are shown in Figure 5.

cluster

[EH=]]=]

10
Dim1 (36.7%)

Figure 5. Results of the k-means algorithm.

Figure 5 shows that clusters G1 and G2 contain only one school each and are identified
by the colours orange and yellow, respectively (buildings 36 and 66). Cluster G4 is identified
by the colour blue and contains 50 schools. Clusters G3 and G5 contain 15 schools each and
are identified by the colours green and magenta, respectively.

As clusters G1 and G2 are composed of one building each, the geographic location of
school buildings in clusters G1, G2 and G3 are shown all together in Figure 6. Cluster G3
presents only one school building in the continental region of Florian6polis.

Legend

¥ Cluster G1
» Cluster G2
¥ Cluster G3

Location of clusters
Clusters G1, G2 and G3
A

N

Figure 6. The geographic location of school buildings in clusters G1, G2 and G3.
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Cluster G4, with a greater number of buildings, has representative buildings in conti-
nental and island regions of the municipality. Such a cluster includes 50 school buildings
which are shown in Figure 7.

Legend
¥ Cluster G4

Location of cluster
Cluster G4

| 20 km |

Figure 7. The geographic location of school buildings in cluster G4.

Cluster G5 has no representatives in the northern island region of the city and includes
15 school buildings distributed in the central portion of the island regions and continental
region. Figure 8 shows the geographical distribution of school buildings in cluster G5.

Legend
¥ Cluster G5

Location of cluster

Cluster G5

20 km

Figure 8. The geographic location of school buildings in cluster G5.
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With clusters defined and buildings geographically located was possible to benchmark
the water consumption as similar buildings were clustered together and could then be prop-
erly compared. These results concluded the first step of the evaluation: a cluster analysis.

3.2. Benchmarking Water Consumption

In the evaluation system presented in this paper, benchmarking is the comparative
assessment of how water is consumed in the school buildings that belong to the same
cluster. This stage aims to find the best performance under similar conditions. Finding
benchmarks means finding the most efficient buildings in terms of water consumption for
each cluster. Thus, from finding the school building with the highest performance, it is
possible to evaluate the other buildings in the same cluster.

The first information extracted and analysed was water consumption, either the aver-
age monthly volume consumed in each building or the daily per capita water consumption.
Figure 9 shows the rankings of water consumption within the clusters with the code num-
bers of each school building. Gradients from blue to red vary between school buildings
with the lowest and highest monthly water consumption and the blue horizontal bars
indicate the daily per capita water consumption. The cluster G4 is presented split into two.

Average Per capita Average Per capita Average Per capita | [Cluster Average Per capita
Cluster Cluster Cluster
Gl monthly water water P monthly water water G4 monthly water water G4 monthly water water
consumption | consumption consumption | consumption consumption | consumption | |(cont.) consumption | consumption
School (m?) (L) School (m?) (L) School (m* (L) School (m?) (L)
66 34797 |86 | [36 11973 |IN047 56 42 |4 8358 |I 20.61
18 I 402 78 87.56  [130.64
8 El 5.6 23 88.69 || 2439
Average Per capita Average Per capita 11 ] 686 72 97.67 I 134.96
Cluster Cluster
G3 monthly water water G5 monthly water water 16 30.03 I] 4.48 25 102.94 D 28.63
consumption | consumption consumption | consumption 24 30.36 1 740 59 105.03 Ll 1889
School m’) School m’) 26 3167 [ 19.73 83 105.03 [ 49.57
54 50 3522 (] 7.01 38 106.61  [I] 25.20
40 62 3544 ] 515 28 11925 (Bl 19.44
70 10 3650 [E] 5.8 65 137.08 [l 21.67
52 45 3761 (1481 68 14111 B 2133
6 19 4053 (B 13.51 64 14125 (2] 31.01
53 4 5153 [ 7.94 9 148.06  [E] 17.93
29 80 5922 (2002 49 150.19  [E]32.89
55 79 59.58 119.85 58 157.00 (] 27.99
77 34 6267 (B 14.68 61 16353 [I]31.72
47 31 6842 [ 11.95 32 163.64 [I] 23.18
1 63 7511 2137 ||22 182.89 [ 28.50
3 76 7525 (BEE1650 |21 188.44 [ B9.17
4 35 7572 [E1ka3 60 219.75  [BE_40.99
51 41 7825  [BE1620 67 22231 [ 46.20
15 74 79.58 (2341 |[20 22573 [IN03.78 |
71 79.61  [IIE30.09 | [s1 285.14  [I54.62
69 80.17 222 39 370.78
46 8058 [MDI0Y ||42

Figure 9. Water consumption rankings for the five clusters.

Water consumption rankings are a valuable starting point to understand how the
sample behaves in terms of this variable. However, it is not possible to simply assign the
school building with the lowest water consumption as the benchmark for each cluster.
This would not be enough for evaluating how water is being used and deeper indicators
are necessary.

For deeper assessing the performance of each building in its cluster, it is not enough
to evaluate the monthly water consumption or the daily per capita water consumption
of the buildings. Although these data are essential for the benchmarking system, they
cannot explain the entire phenomenon. Therefore, buildings were classified concerning
three indicators: the indicator of water consumption per school regular population (ICP);
the indicator of water consumption per influential space in the building (ICS); the indicator
of consumption per water appliances in the building (ICWA). These three indicators are
related to the three categories of variables detailed at the beginning of the method section
and were used to generate the general consumption indicator (IGC) of the school buildings.
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These three indicators refer to the three categories of variables grouped into three sets
of variables in the data collection stage. In this sense, the benchmarking step categorises
and organises the information on water consumption in the buildings evaluated based on
the variables in the three categories. The development of the general consumption indicator
aims to synthesise this information. To compare with previous results, in Figures 10 and 11
the average monthly consumption and the daily per capita consumption are shown with the
results of each indicator. Cluster G4 is shown in Figure 10 due to the number of buildings
for better visualisation.

Cluster| Average monthly | Per capita daily Cluster| Average monthly | Per capita daily

Gl water water ICP | ICS [ICWA|IGC | |G2 water water ICP |ICS |ICWA | IGC
School | consumption (m?) | consumption (L) School | consumption (m?) | consumption (L)

66 347.97 [IBg6 | 36 119.73 047 [1.00]
Cluster | Average monthly | Per capita daily Cluster | Average monthly | Per capita daily

G3 water water ICP | ICS |ICWA|IGC | |G5 water water ICP | ICS |ICWA | IGC
School | consumption (m?) | consumption (L) School | consumption (m?) | consumption (L)
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Cluster
G4
School

Average monthly | Per capita daily ((Ziz:tte)r Average monthly | Per capita daily
water water ICP | ICS |ICWA | IGC 4 water water ICP | ICS |ICWA| IGC
consumption (m?) | consumption (L) School consumption (m?) | consumption (L)

422 6.37 [6.62| (25 102.94 El 2061 1.30 [ 1.25] 1.30 [[1.28

4.02 5.16| 4.57 [[5.47| |48 83.58 | 3064 0.88|1.50 1.47 [1.28

5.16 5213.12] 6.04 479 |63 75.11 1 2439 1.10 [ 1.37] 1.33 [[1.27

6.86 392470 420 [4.27] [s0 59.22 1349 0.77]2.39] 0.64 [[1.27

4.48 6.003.40| 3.11 [[4.17] |78 87.56 | 2863 0.94|1.30] 1.43 [1.22

7.40 3.63|3.78| 3.47 [3.63| [28 119.25 E] 1889 1.42[1.01] 1.18 [1.20

9.73 2.7713.10] 3.10 [[2l99 | {76 75.25 B 4os7 0.54[1.20] 1.74 |[1.16

7.01 3.84|2.54| 2.22 [[2187] |23 88.69 ] 2520 1.07 [ 1.30] 0.84 [[1.07

5.15 522 1.84] 1.43 |[2/83 | [68 141.11 El 104 1.38 [0.86] 0.93 [1.06

5.18 520 1.27] 1.48 [[2l6s5 | |61 163.53 ] 2167 1.24 [0.80] 1.02 [l1.02

14.81 1.82 [ 2.52| 3.11 [[2l48| |64 141.25 ] 2133 1.26 [ 0.81] 0.87 [l0.98

13.51 1.99 [ 2.75| 2.40 [[2138] |9 148.06 | 3101 0.87 | 1.02] 0.85 [l0.91

7.94 339 154 1.32 [[2.08] |81 285.14 El 1793 1.50 | 0.50] 0.68 [l0.89

20.02 1.34 [ 2.17] 2.70 [2.07] |58 157.00 328 0.82 | 0.81] 0.77 |l0.80

19.85 135 2.17] 1.97 [1.83] |22 182.89 ] 279 0.96 [ 0.58] 0.67 |l0.74

14.68 1.83 [ 1.60| 1.86 [1.77] |21 188.44 1372 0.850.69] 0.69 |l0.74

11.95 2.25]1.89( 0.81 [[1.65] |60 219.75 1l 2318 1.16 [0.51| 0.43 [lo.70

21.37 1.26 [ 2.63] 1.03 [[1.64] |20 225.73 I 2850 0.940.56] 0.58 |l0.70

16.90 159 | 1.79] 1.51 [1.63] |67 22231 B 3917 0.69 [0.55] 0.82 [l0.68

12.13 2220125 1.11 [[1.53] |65 137.08 I 140.99 0.66 [ 0.65] 0.68 [/0.66

16.20 1.66|1.27] 1.54 [[1.49] |32 163.64 B 4620 0.58[0.75| 0.64 [l0.66

1 2341 15[ 152] 172 46| |43 105.03 0378 | 0.82] 0.73 {lo.60

] 30.09 0.89 | 1.58] 1.79 [[1.42| [49 150.19 B sie2 0.49 [ 0.66] 0.63 [/0.59

El 223 121 16| 1.52 130 [39 370.78 0.34 10.20

105.03 || 21.03 128 1.19] 139 J1.29 | |42 IG0s | | 0.22

Figure 11. Benchmarking results for cluster G4.
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As for clusters G1 and G2, the three indicators show maximum possible results, which
illustrates what a benchmark in a cluster would be. In cluster G3, school building 14 was
taken out of the analysis for presenting an excessively low water consumption which led
to an excessive-high general consumption indicator (IGC). This could not only indicate
under-measurement in such a school but also impair the evaluation of the other buildings
in this cluster as the general consumption indicator would be too low. Thus, the comparison
would be difficult. In cluster G3, school building 82 presented a much greater per capita
water consumption in comparison with others in the same cluster, which is corroborated
by its low population consumption indicator (ICP). Similar behaviours were identified in
clusters G3 and G5 regarding the school buildings with greater monthly water consumption
and greater mainly of daily per capita water consumption.

Cluster G5 presented an even distribution and relations between monthly and per
capita water consumption. However, when sorted by the general consumption indicator,
several buildings changed their position in the ranking. School building 29 with less
water consumption than school building 55 presented a lower general indicator, which is
explained by greater population consumption indicator (ICP) and greater water appliances
indicator (ICWA) in school building 55. This position interchange illustrates how assessing
water efficiency using monthly water consumption or even by daily per capita water
consumption is not enough. The great daily per capita water consumption presented by
school building 51 must also be highlighted, which could indicate a leak. Even though
the monthly water consumption is similar to others in the last ranking positions (school
buildings 15 and 4), such great volumes should be deeper and locally investigated. This
result is an interesting characteristic of this method as is possible to monitor the water
distribution network by only updating data and possible leaks could be detected.

Cluster G3 presented more variations in buildings positions than cluster G5 when
sorted by general consumption indicator instead of using the simple monthly and per
capita water consumption ranking. Cluster G3 also had a building (school building 82)
with much higher per capita water consumption than others with similar indicators related
to population, influential spaces and water appliances. Figure 11 presents the benchmarking
results for cluster G4.

Overall, the higher general consumption indicators (IGC) are related to lower water
consumption. However, it was verified that this is not a rule. In some cases, it is possible to
see the opposite behaviour. For instance, school 28 in cluster G4 presents greater average
monthly water consumption (119.25 m®) than school buildings 76 and 23 with 75.25 m? and
88.69 m® of water consumed in a month, on average. However, the general consumption
indicator (IGC) of building 28 is greater among these three buildings. Therefore, water is
more efficiently used there. Moreover, in building 76, the population consumption indicator
(ICP) is lower than influential spaces and water appliances indicators for the same building.
In addition to the per capita water consumption, this could justify focusing water-saving
initiatives on user behaviour.

To use the benchmarking results, the evaluation must focus not only on the general
consumption indicator but also on other indicators. For building 69 in cluster G4, both
influential spaces and population indicators are shown in green as the indicator related
to water appliances is shown in red, and the general consumption indicator presents an
intermediate result. This would suggest focusing on that set of variables to increase water
savings on the building. In other words, this building should probably have its appliances
replaced with more efficient ones.

Another useful result from the benchmarking system presented in this paper is the
possibility to detect unusual water consumption in several buildings. School buildings 39,
42 and 43 present daily per capita water consumption much greater than others in the same
cluster, which should be locally investigated to verify the possible occurrences of leaks.
The reason for that is that buildings in a cluster are similar according to the variables used
in the cluster analysis and such buildings should not be presenting such a greater water
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consumption than the others in cluster G4. The same logic should be used in the case of
excessively low water consumption.

Although a deeper on-site analysis is recommended, this method could save valuable
resources that would be spent on locally searching issues on buildings if a large distribution
network is considered. In this case, the evaluation through the method presented in this
paper would indicate not only the need of adopting initiatives aimed at water conservation
in a building but also on which type of variable such initiatives should be addressed.

3.3. Discussion

The method proposed herein is useful for evaluating sets of buildings in terms of water
consumption and was suitable to demonstrate that it is possible to properly address efforts
on the variables according to the indicators. This is highly relevant in the development
and application of programmes for the rational use of water in buildings. It is important to
emphasise that the evaluation is limited to the variables of this work, but the method does
not prevent more variables from being added or replaced.

As for the data analysis stage, it was initially expected to find similar building classes
at the end of the cluster analysis stage. This step was able to meet this objective but showed
more interesting results. It was possible to identify buildings with water consumption
indicators either much greater or much lower than buildings in the same clusters. These
buildings should be deeper investigated for the possibility of water consumption under-
measurement. To confirm this hypothesis, audits would need to be carried out locally in
such buildings. Even so, the identification, through the proposed method, of buildings
whose water consumption is incompatible with their characteristics was considered sat-
isfactory. Likewise, excessively low-efficiency results can be used to identify buildings
with possible leakage problems as they have similar characteristics with others in the
cluster, but with much higher water consumption. This methodology is suitable to be used
in the remote detection of leaks, which is of great importance for network maintenance
planning, especially considering dense and complex networks in which such detection is
more difficult and expensive.

Considering the benchmarking results, the identification of buildings with different
characteristics than the average in the clusters (e.g., much greater water consumption)
proved to be relevant for water conservation. Identifying such differences could support
correctly directing efforts, initiatives, and financial resources by the water distribution
network managers. In a way, this remote monitoring system presents the following main
advantages: the possibility of evaluating a water distribution network through the con-
sumption of buildings remotely and without having to mobilise human resources and
funds to locally investigate where there may be maintenance issues, such as leaks, or
under-measurement occurrences.

As for the limitations to the method shown in this paper, efficiency definition and
data available were the most significant. The efficiency definition for a building in this
paper is related to the available data, i.e. the variables used to compose the three categories.
Variables used in the area of water efficiency in buildings, such as user behaviour and
comfort, were not included. Other examples are local climate and socioeconomic variables
that could be used to compose a more complex efficiency definition. Specific variables,
such as the difference of age on water consumption (that exists among students, teachers
and staff) was not considered in this evaluation system. However, the non-utilisation of
such variables does not decrease the method suitability as they can be included in future
studies to increase the accuracy of the results.

4. Conclusions

The method proposed in this work is not geographically limited and does not impose
a maximum number of buildings to be evaluated, it can be fed with more data and updated
information on school buildings and, therefore, refined. In addition, there is the possibility
of its adaptation for the evaluation of other types of buildings, since variables can be added
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to the benchmarking system. It is believed that with more data available, the accuracy of
results can increase.

In conclusion, the method presented in this paper is suitable to be used in small to
large sets of buildings in terms of water efficiency. It has to be refined and adjustments
should be carried out to improve results accuracy. The method presents advantages such
as being possible to identify low-efficiency, under-measurement or possible leakings in
buildings, which can save resources. The benchmarking system presented in this paper is
a low-cost tool for monitoring a water network through the buildings involved and can
identify the type of variable that should be addressed to enhance water conservation in
a particular building. On the other hand, the method also presents disadvantages, such
as the limited data on which it has been developed, and the possibility of benchmarks
attribution indicating under-measuring buildings, which can be overcome through an
on-site evaluation.
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