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Resumo 

A água é um bem, que nos dias de hoje é cada vez mais raro. Durante décadas, a maior preocupação dos 

investigadores nesta área foi o desenvolvimento de métodos e ferramentas capazes de reduzir o 

consumo de água nas atividades industriais, muito devido ao aumento significativo das tarifas da água 

ao longo dos anos, quer na captação quer na descarga. Como consequência, a conservação da água 

tornou-se uma das maiores preocupações do sector industrial, contribuindo para o desenvolvimento de 

várias aplicações, com o objetivo de reduzir as metas relativas ao consumo de água. 

Graças a estes desenvolvimentos tem-se assistido a uma diminuição do consumo das águas industriais, 

muito devido à eficiência de métodos capazes de reutilizar, reciclar ou regenerar a água. 

Enquanto, no sector industrial se fazem progressos significativos na redução do consumo de água, o 

mesmo não se pode dizer em relação ao sector urbano onde as reduções continuam a ser 

extremamente baixas, traduzindo-se num forte aumento da utilização de água. Esta discrepância deve-

se às tarifas baixas pagas pelo consumidor particular, bem como à grande disponibilidade de água nas 

áreas urbanas. Consequentemente, o consumidor particular tem pouca consciência sobre a poupança 

de água. 

O presente trabalho pretende mostrar, através da elaboração de um caso de estudo sobre um edifício 

real, o impacto que a adoção de medidas comportamentais e instalação de equipamentos (de maior ou 

menor dimensão) podem ter na fatura da água de um lar, ao fim de um ano. 

Neste âmbito foram criados três perfis de utilizadores distintos e aos mesmos são aplicados conjuntos 

de medidas comportamentais e de equipamentos de forma a simular as potenciais poupanças de cada 

um. Adicionalmente será estudada a viabilidade de um sistema de recolha de águas das chuvas e de um 

sistema de reciclagem de águas cinzentas, para satisfazer as necessidades não potáveis do edifício. 

 

Palavras-chave: conservação da água, sector industrial, sector urbano, utilização da água, poupança de 

água, Análise do Ponto de Estrangulamento, minimização de água urbana, sistema de recolha de água 

das chuvas, sistema de reciclagem de águas cinzentas. 
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Abstract 

Water is an asset that, in our days is increasingly rare. For decades, the main concern of the researchers 

was to develop tools and techniques capable to reduce water consumption in industry activities, much 

due to the rapid increase of water tariffs throughout the years. Due to this, water conservation became 

a major concern in the industrial sector and many methods were developed.  

Thanks to such developments, there has been a decrease of industrial water consumption, much due to 

water efficiency through reuse, recycle or regeneration methods.  

While in the industrial sector are made a significant progresses in water efficiency, the reduction in 

urban water usage continues to be extremely low, resulting in a solid increase of urban water demand. 

This discrepancy is due to low water tariff and large availability of water in the urban areas. As a direct 

consequence, urban population has little awareness on water savings. 

The present work aims to show, through the elaboration of a case study on a real building, the impact 

that the adoption of behavioural measures and the installation of water saving equipments (of larger or 

smaller dimension) can have on the water bill of a household, at the end of the year. 

In this scope were created three distinct user profiles and to them will be suggested a set of behavioural 

measures and equipments in order to simulate the potential savings of each user. Additionally, will be 

studied the feasibility of a rainwater harvesting system as well as of a greywater recycling system, to 

meet the non-potable needs of the building. 

 

Key words: water conservation, industrial sector, urban sector, water use, water savings, Water Pinch 

Analysis, urban water minimization, rainwater harvesting system, greywater recycling system. 
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1. Introduction 

For decades, water has been over utilised within the industry and urban sectors, much due to its low 

cost and wide range of applications. Because of that, the demand for fresh water has suffered an 

exponential increase in a growing number of countries, which makes water a precious asset and in some 

places of the world an important commodity.  

Fortunately, the environmental water regulation has been an increasingly important subject for entities 

such as the United Nations, who have warned the world in the past decade for the water scarcity that 

millions of persons are going to suffer in the next ten years due to climate changes and extensive use by 

developed countries.  

Hence, joint efforts have been made to make this issue more and more part of country governments, 

city leaders and even plant owner’s agendas. Therefore, the development of new conservation and 

recovery techniques has been stimulated and investigators all over the world are contributing with their 

work with systematic techniques towards water minimization, mainly in industries and commercial 

enterprises.  

In industry several modifications on the processes improved the water use efficiency, the same is not 

applied to the urban sector, where it was observed an exponential increase of urban water demand. 

This inconsistency in technology happens due to low water tariffs and great availability of potable water 

in urban areas. As a consequence, urban users have lack of awareness, concerning water saving issue. 

In this context, the present work raises another contribution to address this issue. Besides the existence 

of some gaps as well as lack of methods adapted to urban water minimization, some alternatives to the 

existing tools and techniques applied to the industrial sector are going to be suggested in order to bring 

higher efficiency and economic viability within the urban sector.  

1.1. Framework 

For centuries we have been observing a scary alienation of the water resources, because this resource 

has always been considered for granted and infinite. Both studies and warnings made from several 

entities about this issue were ignored for decades and only in the past ten to twenty years, measures 

have been taken to respond to this effect.  

Although is not possible to revert the consequences of human actions, there are ways to soften the 

steady depletion of the still available water resources, such as user awareness and regulation for water 

usage and application of systematic methods and tools to reduce the amount of water used in both 

industrial and urban sectors. 
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1.2. Objective 

The main objective of this Dissertation is to elaborate a viability analysis of the suitable techniques to 

obtain water minimization within the urban sector.  

A revision of the work mainly done in the industry field using Water Pinch Analysis is going to be made 

and some case studies are going to be presented in order to show how to obtain water savings using 

such techniques. 

Water minimization will be done through the elaboration of a case study of a 10 storey building in 

Sintra, where will be studied different water saving approaches. These approaches will be applied to 

three different water user profiles and related savings will be calculated. In addition, a preliminary 

economic study for the implementation of a rainwater harvesting system in the building will also be 

done, as well as for a greywater harvesting system.  

1.3. Adopted Methodology 

This section presents the methodology that is going to be used in this Dissertation. The methodology 

contains 5 phases: 

 The first phase consists on a literature review, divided in two main sections: the first one 

consists on the detailed description of the work that has been done at the industry level, 

concerning the water minimization. The second section consists on the description of the 

problem of the excessive water consumption at the urban level, paying special attention to the 

discussion of behavioural measures to save water as well as the installation of water saving 

equipments at home. Finally, will be studied alternative sources of water, to satisfy the non-

potable water needs; 

 The second phase focuses on the characterization of the building that will be used as a case 

study, being further described the way how the data will be collected; 

  The third phase consists on a structured data collection, followed by the elaboration of specific 

measurements, which will be afterwards validated and treated;  

 At the fourth phase will be designed three different water user profiles and applied sets of 

saving measures to each of them, in order to study the way each type of measure affects daily 

water consumption; 

 The fifth and last phase will consist on the study of the possibility of installing a Rainwater 

Harvesting System and/or a Greywater Recycling System and respective economic analysis to 

understand their viability on a building that gathers the conditions of the studied one. 
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1.4. Dissertation Structure 

In addition to the introductory chapter where both framework and objectives are presented, the 

dissertation is composed by: 

Chapter 2 – Literature Review – in this chapter is done a scientific revision about the state of the art, 

where the main concepts have the correspondent references. Here are also shown the main techniques 

and tools developed throughout the last few decades about what has been done in the industry, using 

Water Pinch Analysis. In addiction is also made a detailed study of the urban approach towards water 

consumptions and exposed the problematic of excessive water consumption. Here is also shown good 

practices to save water on households and studied alternative ways to fulfil water needs that do not 

require freshwater. Two case studies (one industrial and one urban) from literature are also showed. 

Chapter 3 – Case Study – here the system to be analysed  is defined and data will be collected, treated 

and validated. There are going to be studied through the design of three different profiles of water 

utilization, the impact that behavioural measures and also the installation of some water saving 

equipment can have on the water consumption of a household. It, will also be studied the possibility of 

acquiring alternative sources of water to supply non-potable needs. 

Chapter 4 – Conclusions – In this chapter the main conclusions about this work are going to be 

presented, as well as future work to be developed. 
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2. Literature Review 

This chapter provides a literature review of what has been done in the Water Network Synthesis field as 

well as in the developments of the Water Pinch Technology, which will serve as base line to the 

subsequent work to be developed. The main sections of this chapter are on Water Network Synthesis 

Techniques, Water Flow Targeting and Design, Improvement of Water Networks through Process 

Change Techniques, Water Management Hierarchy and also a review on Cost Effective Water System 

Designs with posterior Economical Evaluation. These sections include the main approach methodologies 

adopted. 

2.1. Techniques for Water Network Synthesis at Industrial Sites 

Water network synthesis is a research area that has gained much attention in the last ten to fifteen 

years, much due to environmental sustainability reasons, the rising costs of fresh water and waste water 

treatment. Many opinions said that this technology has reached its maturity in the 90’s especially for 

the technique based on pinch analysis. However, more recent research revealed gaps which carried out 

new work to address the limitations found in the traditional techniques [1]. This section will provide an 

overview of the main techniques developed, particularly for those developed for single impurity 

systems. Several flow rate targeting techniques developed for water reuse, recycle and regeneration as 

for wastewater treatment are reviewed  with certain detail, along with network design techniques in 

order to achieve the established targets. It will end with a review of a cost effective water system 

design, through a holistic methodology that uses process change techniques. 

2.1.1. Process Synthesis 

The term Process Synthesis was, primarily defined by Rudd in the late 1960’s [2]. The definition has 

evolved through the years and one common and well accepted definition is: 

“The discrete decision-making activities of conjecturing: (1) which of the many available component 

parts one should use, and (2) how they should be interconnected to structure the optimal solution to a 

given design problem”[3]. 

The main concern of process synthesis is the core activities in which the several process elements are 

combined. The flow sheet of the process is generated, to meet certain objectives [4]. For that reason, 

the aim of process synthesis is “to optimize the logical structure of a chemical process, specifically the 

sequence of steps (reaction, distillation, extraction, etc.), the choice of chemical employed (including 

extraction agents) and the source and destination of recycle streams” [5]. Therefore, we can say that in 

process synthesis we know the process inputs and outputs and it required to design the structure and 

the parameters of the flow sheet.  
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However process synthesis is inserted in a major plan: The Process Design Problem, which differs from 

the other engineering problems, because only a small part of the information needed to reach one 

solution presented on the problem statement. To supply the missing information, assumptions must be 

taken about such process units involved, how they will be interconnected and all the reaction 

parameters that they will require. [6] 

Since the establishment of the definition of process synthesis, many researchers dedicated their work 

on this area and reviews on its development can be seen in many papers [1]–[3], [5]–[13] , etc. 

The general process design can be represented by an onion diagram (Figure 1). The process synthesis is 

hierarchical in nature [6]: the core of the process is the chemical reaction step and the reactor product 

composition; the feed requirements order the separation tasks (including recycles). Only after that, in 

the outer layers, the designer can determine the several heating and cooling duties for the streams, the 

heat exchanger network and the heating needs. The design is all made from the inside to the outside of 

the “onion” [12]. 

 

 

According to Manousiouthakis and Allen [15] process synthesis can be classified generally into seven 

major areas [1]: 

i. Material synthesis; 

ii. Reaction path synthesis; 

iii. Reactor network synthesis; 

iv. Separation network synthesis; 

v. Heat exchanger network synthesis; 

vi. Mass exchanger network synthesis; 

vii. Total flow sheet network synthesis; 

Figure 1 - Onion diagram for process synthesis [12] 
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Among those many process synthesis areas, the most developed one is the synthesis of heat exchanger 

network – also known as heat integration areas (which include areas such as distillation integration, 

utility system design, etc.) [16]. 

The relation between heat and mass transfer, evolved into mass exchanger network synthesis in the late 

1980’s [4], [17], [18]. 

Inside the framework of mass integration, there is a special case that often emerges – Water Network 

Synthesis, also known as Water Minimization. Substantial work has been done for water network 

synthesis, using two techniques: Pinch Analysis Technique (or water pinch analysis) and the 

mathematical programming approach [1].  

2.1.2. Water Network Synthesis 

The synthesis of a water recovery network can be stated as:  

“Given a set of water-using processes, it is desired to determine a network of interconnections of water 

streams among water-using processes so that the overall fresh water consumption is minimized while 

the processes receive water of adequate quality” [19]. 

The two main approaches used to address the issue of water network synthesis are, the systematic 

graphical approach (Water pinch Analysis) and the mathematical approach.  

i. Water Pinch Analysis 

Water pinch analysis (WPA) is a systematic technique used to implement strategies to maximize water 

reuse and recycling through integration of water-using activities of processes. WPA research has 

developed and progressed into two popular routes – the graphical technique, such as the Composite 

Curves (CC), which is easier to master and apply, because provides a visual tool for network targeting 

and design. But, this tool has great limitations in computer effectiveness and with dealing with problem 

dimensionality and often cannot guarantee a global optimal solution.  

ii. Mathematical Approach 

The mathematical modelling approach offers the advantage of accuracy and global optimality, problem 

dimensionality and computational effectiveness when handling with complex water distribution systems 

involving multiple contaminants. However, this approach is not as popular as the graphical one, due to 

its difficulty to master the technique and hence, to setup the problem models. Besides, this last 

approach gives to the designers little control over the solution space as well as narrow perceptions on 

water network insights. Despite the pros and cons of those two approaches, they are complementary 

and widely used to provide a better understanding, using visualization and handling complex problems 

[20]. 
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The first attempt to solve the water recovery network problem was a systematic form and was reported 

by Takama et al. 1980 for a petroleum refinery case study [21].  These authors used a mathematical 

programming approach to set up a superstructure of all water-using operations. This superstructure was 

then optimised to remove the irrelevant an uneconomical options [22]. 

Later, Wang and Smith 1994 initiated the water pinch technique based on a more generalized problem 

of mass exchange network synthesis (MENS) [17], [18]. In this two-step procedure is traced a limiting 

composite profile, to locate the minimum fresh water (FW) and waste water (WW) flow rates before any 

network design. The primal concept beneath this approach is that the water-using processes are 

modelled as mass transfer operations [22]. 

Apart from making fundamental changes in process operations (e.g. replacing cooling water towers by 

fin fan coolers, etc), there are options for reducing water demands of a process via water reuse, recycle 

and regeneration [23], [24]. 

In the context of process integration, reuse means that an effluent from a water-using operation is sent 

to other operations and does not re-enter in operations where it was emitted (Figure 2a). On the other 

hand, a recycle scheme enables the effluent to re-enter the operations where it is generated (Figure 2b). 

In regeneration schemes, the effluent is partially treated by a water purification unit (e.g., filter, 

adsorption, stripper, etc.) before reuse (Figure 2c) or recycle (Figure 2d) takes place [1]. 

 

The same way that the above mentioned typical applications of pinch analysis techniques (such as heat 

or mass exchange network synthesis), water network synthesis tasks can be subdivided in two stages: 

flow rate targeting and network design.  

The stage of flow rate targeting pretends to set the minimum FW and WW flow rates for a network, 

only based on concentration and flow rate restrictions, without having to organize the detail matching 

between the individual water-producing and water-using processes. These processes are then matched 

in the network design stage, to achieve the minimum flow rates that were obtained in the previewed 

stage [1]. 

Figure 2 - Several schemes of water reduction: (a) water reuse, (b) recycle, (c) regeneration-reuse and (d) regeneration-recycle [1] 

 

Process 1 Process 2

(a)

Process 1

(b)

Process 1 Regeneration Process 2

(c)

Process 1

Process 2

Regeneration

(d)
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2.1.3. Mass-Transfer-Based (MTB) and Non Mass-Transfer-Based (NMTB) and 

Global Water-Using Processes 

In general, the water-using operations can be classified into two main groups, i.e. mass-transfer-based 

(MTB) and non-mass-transfer-based (NMTB) operations. 

i. MTB operations 

A mass-transfer-based (MTB) water using operation is categorised by the “preferential transfer of 

species from a rich stream to water, which is used as a lean stream or a mass separating agent (MSA)” 

[20]. A common example of this type of operation is the cleaning of a process vessel using fresh or 

recycled water. Cleaning involves the preferential transfer of species – contaminant - from a ‘rich 

stream’ (in this case, the vessel) to a ‘lean stream’ or an MSA (in this case, water) [25]. Figure 3 shows 

water being fed into the absorption column (as a demand) and the wastewater to be regenerated (as a 

source) [20]. 

During cleaning, water is fed into the vessel (as a demand) while wastewater is generated (as a source). 

Note that the input and output flow rates of a mass transfer process are normally assumed to be equal 

[25]. Hence, this type of operations is also known as fixed flow rate problem [20]. 

Several washing operations such as desalter in a refinery, pulp washing in a paper mill, surface cleaning 

in electroplating industries are also typical examples of such operations [26].  

 

 

ii. NMTB operations 

The NMTB water-using operations include other functions than MSA and even cases where mass 

transfer does not have an important function. Typical use examples include water being fed as a raw 

material or being withdrawn as a product or by-product in a chemical reaction, as well as being used as 

a heating or cooling medium (e.g. cooling water make-up) as shown in Fig. 4 (a), (b) and (c). Water as a 

raw material fed into a reactor, or as heating or cooling media are clearly non-mass transfer operations 

since these operations are not designed to preferentially transfer contaminant between streams. For 

these operations, sometimes only water demands or water sources exist. For NMTB water-using 

Figure 3 - Common types of NMTB water-using operations: (a) water used a reactant in aniline production; (b) water as bi-
product in acrylonitrile (AN) production; (c) cooling tower makeup and water evaporation [25] 
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operations, the water flow rate is more important than the amount of contaminant accumulated. 

Hence, a NMTB process may have different inlet and outlet flow rates. The NMTB operation is also 

widely known as the fixed-contaminant problem [20].  

 

 

2.2. Evolution on Water Flow Targeting and Network Design on a 

Single Utility System 

In the last years it was done a considerable development of systematic methods in order to achieve FW 

and WW minimization in industry. The main force behind this, are the rising costs of fresh water and 

effluent treatment, as well as more strict environmental legislation. The flows of FW and WW can be 

minimized by the reuse of water within the process plant. 

Concerning to targeting the Minimum Utility Requirements and locating pinch points, the graphical 

technique such as the Composite Curves and numerical techniques such as the Problem Table Analysis 

(PTA) or the Composition Interval Table (CIT), have been used on several types of problems – heat 

integration [27] , mass integration [17], [18] and water recovery problems [19], [28]–[30] that are based 

on pinch analysis [20]. 

Both graphical and numerical techniques are usually used together, even though it appears that they 

yield the same information. This happens because they have complementary roles in pinch analysis - 

while graphical tools are crucial in terms of providing an understanding of the overall heat and mass-

transfer potentials in a process, the numerical tools have the advantage of accuracy and quickness and 

because of that are more amenable to computer programming [31]. 

The Water Composite Curves (WCC) were firstly introduced by Wang and Smith [23] and were the first 

graphical tool for setting Maximum Water Recovery (MWR) and Minimum Wastewater Generation 

Targets for a single utility system, once they introduce a plot of contaminant concentration vs. 

contaminant mass load [20] as shown in the Figure 5. The use of WCC was extended from Composite 

Curves (CC) and Problem Table Analysis (PTA), firstly established for heat recovery based on pinch 

Figure 4 - Mass-transfer-based water-using operations: sour gas absorption where water demand and water source exist [25] 
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analysis, to mass recovery and only later to water recovery problems  [25].  This method required the 

calculation of streams flowrate balances for each concentration or mass load intervals [20]. 

 

 

Based on MTB model, water is used as a MSA (as the lean stream) in removing impurity loads from 

water-using processes (as the rich streams). So, these WCC were named by the authors as limiting water 

profile for graphical water targeting [25].  Wang and Smith [23] made use of the limiting water profile to 

identify the pinch location and generate the exact minimum water targets before network design. 

Several options for water reuse, regeneration-reuse, and regeneration-recycling were also explored by 

these researchers. The limiting water profile represents a big step in establishing the baseline water 

requirements and waste water generation for a process. However, its applicability is limited to MTB 

operations [25]. 

For an industrial project involving NMTB processes as well as flow rate gains and losses, it may be 

necessary to analyse these streams separately and modify stream data, as it was done by Liu et al. [30] if 

the fixed flow rate approach is used [20].  

2.3. Improvement of Water Networks through Process Change 

Techniques 

Since the WPA introduction by Wang and Smith [23], several noteworthy WPA developments on 

targeting, design and improvement of a Maximum Water Recovery (MWR) have emerged. Until the 

date, most WPA researchers claim that their methods lead to minimum fresh water and wastewater 

targets.  

It is important to refer that the concept of MWR, which relates the concepts of reuse, recycling and 

regeneration of spent water, has two limitations: firstly, MWR only partially addresses the water 

minimization issue, which should holistically consider all possible methods to reduce water usage 

through elimination, reduction, reuse/recycling, outsourcing and regeneration [32]. Process 

modifications such as elimination and reduction should be among the main strategies to consider for 

Figure 5 - Water Composite Curve by Wang and Smith [23] 
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water minimization. Regenerating wastewater without considering the possibility of elimination and 

reduction may lead to unnecessary treatment units [20]. 

In second place, since MWR only focuses on water reuse and regeneration, it does not lead to the 

minimum water target (MWT) as is commonly claimed by researchers through the years. Manan and 

Alwi [20] named the water targets associated with MWR network as the MWR Targets. Still, the MWT 

can only be achieved only when all options for water minimization have been holistically applied. 

Although WPA has been well founded for synthesis of MWR network, the research related to water 

conservation from the holistic water minimization point of view has stagnated. The use of water 

minimization strategies apart from recycling were first introduced by El-Halwagi [18] who proposed a 

targeting technique which involves water elimination, segregation, recycle, interception and sink/source 

manipulation. Later, Hallale [19] proposed guidelines for reduction and regeneration, based on WPA. 

However, the gradual water minimization strategies proposed, did not consider interactions among the 

process changes options as well as the ‘knock-on effects’ of process modifications on the overall process 

balances, stream data and economics. Therefore, there was a clear need to develop a framework to 

address water minimization holistically, systematically and cost effectively, applicable to industry and 

urban sectors [33].   

The two key features of this framework are the Water Management Hierarchy (WMH) as a guide to 

prioritize process changes and the Systematic Hierarchical Approach for Resilient Process Screening 

(SHARPS) strategies as a new cost-screening technique. SHARPS is used to screen several water 

management options before design, based on the cost estimates for network investment and savings, 

subject to a desired payback period set by a designer. Note that SHARPS methodology is applicable to 

water systems involving a single contaminant [20], [32]. Figure 6 illustrates technology evolution and the 

gaps associated with research on water network design.  

 

Figure 6 - Technology evolution associated with research on water network design [18] 
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2.4. The Water Management Hierarchy (WMH) 

Based on previous works where most of researchers mainly focused on Maximum Water Recovery 

(MWR) and claimed that their methods lead to MWT, this minimization can only be achieved when all 

water minimization options have been completely implemented. On the other hand, Minimum Water 

Network (MWN) design is the optimum network design that considers not only reuse and recycling, but 

all possible methods to holistically reduce fresh water usage through elimination, reduction, 

reuse/outsourcing and regeneration according to Water Management Hierarchy (WMH) [34].  

The WMH consists of five levels: (1) source elimination, (2) source reduction, (3) direct 

reuse/outsourcing of external water, (4) regeneration and (5) use of freshwater. Each level represents 

several water management options. The levels are arranged in order of preference, from the most 

preferred option at the top of the hierarchy (level 1) to the least preferred at the bottom (level 5). 

Water minimization is concerned with the first to the fourth level of the hierarchy (Figure 7) [20], [33].  

 

 

At the top of the hierarchy is source elimination. This level cares only with the complete avoidance of 

freshwater usage – “try always to eliminate water, rather than reduce, reuse or recycle”. Despite source 

elimination is the ultimate goal, often is not possible to eliminate it completely. When this is not 

possible, source reduction has to be considered. Only after these two measures are considered, 

wastewater recycling should be considered. Both direct reuse/outsourcing and regeneration reuse are 

two different ways of water recycling. The first one could involve spent water inside the building in 

study or using an external water source such as rainwater or river water. This type of water sources are 

used to tasks that can accept lower quality water. However, in the majority of the domestic operations, 

regeneration may be necessary before recycling. This operation concerns to the treatment of 

wastewater or also to treat an external water source to match the quality of water required to further 

use.  

Regeneration has two different strategies: regeneration-recycling, which involves reuse of treated water 

in the same equipment or process after previous treatment and regeneration-reuse which involves 

reuse of treated water after treatment [33], [34].  

Figure 7 - The Water Management Hierarchy [20] 
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To increase water availability, the Water Composite Curves (WCC) and the pinch concentration can be 

used to lead regeneration of water sources in three different ways: through regeneration above the 

pinch, where the water sources are partially treated in order to upgrade its purity; by regeneration 

across the pinch, where the water sources are in a region below the pinch and are treated so, they 

achieve a higher purity than the pinch purity; and the last case through regeneration below the pinch, to 

upgrade its purity, still maintaining its purity below the pinch. It is important to highlight that both 

regeneration above and across the pinch allow the reduction of FW consumption and WW generation, 

while the regeneration below the pinch allows only the reduction of WW generation [19]. 

The last level, concerning to freshwater usage (level 5) should only be considered when WW cannot be 

recycled or needs to be diluted in order to acquire the desired purity. It is vital that WW has to suffer 

end-of-pipe treatments before its discharge, to meet the environment guidelines. The use of FW is the 

last option from the water point of view and should be avoided when is possible. Using this hierarchy, 

the use of FW may not be eliminated but it will be economically more reasonable [33]. 

2.5. A Review on Cost Effective Water System Design  

Until some years ago, it was highly common between researchers to focus on minimising freshwater 

consumption, assuming that freshwater cost was the dominant portion of the cost function. Although 

this was the tendency, several works were done on minimising the cost objective for water systems 

design [34]. 

The majority of the optimal designs to reuse wastewater using process integration tools suggest designs 

that ignore constraints and expensive pipes. Olesen and Polley [35] discussed the influence of the piping 

cost during their work, incorporating some geographical constraints when setting water targets using 

Composite Curves (CC) [23]. Breaking down site water networks into zones, they were able to set water 

targets for several zones, considering intrazonal and interzonal water transfers. This approach enabled 

the simplification of network modifications and helped to ensure feasible and cost effective network 

designs. Nevertheless, the authors did not perform any cost analysis [20], [34]. 

Hallale and Fraser [36] used the Minimum Composition Difference to determine the minimum number of 

units and in the end calculated the capital cost targets for mass exchanger networks which used water 

as a solvent. Later, Koppol et al. [37] suggested a zero or partial discharge solution. The cost 

optimisation of the zero or partial liquid discharge networks was presented by varying the regeneration 

and freshwater costs as well as treatment outlet concentration. Feng and Chu [38] later set up that the 

optimum regeneration and treatment outlet concentrations led to the minimum total cost of a water 

system. Their models of cost-minimisation for water networks involved placement of the regeneration 

unit. Tan and Manan [39] later adapted the optimisation of the existing regeneration units and 

presented a systematic approach for the retrofit of water networks involving problems with a single 

contaminant. They found that several retrofit profiles were generated by varying the regeneration flow 
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rate and the regeneration outlet concentration. After that, they determined retrofit targets from the 

savings versus investment diagram at certain limits of the payback period or capital expenditure. Then, 

Wan Alwi and Manan [33] provided a targeting technique to generate CEMWN which gave an 

interactive, quick and efficient guide to screen design options involving process changes, prior to 

conducting detailed water network design [20], [34]. 

2.5.1. Economic Evaluation 

An economic evaluation is always required when designing a water network system, in order to assess 

the feasibility of the proposed solution. Water systems designers try to minimise the FW needs, 

assuming that FW’s cost is the dominant portion of the cost function. When performing the preliminary 

economic calculations, the payback period calculations are generally used to evaluate the feasibility of a 

water network design. The payback period can be calculated using Equation 1: 

                      
                          

                         
                                                                                 

Costs related to equipment, piping and pumping are the main three cost components included on a 

building or plant water recovery system (Equation 2) [21], [33], [35], [36], [38], [40]–[44]. 

                                                                                                                                        

Where,  CPE is the total capital Cost for the equipment; CPEI the equipment installation cost; Cpiping the 

water reuse piping cost investment and CIC the instrumentation and control cost investment. 

The economic analysis for the water management options for retrofit and design case can be estimated 

by calculating the net capital investment (NCI) for the MWN using Equation 3 and the net annual savings 

(NAS) using Equations 4 and 5 [33]. 

                                                                                                                              

Where, CCnew system is the capital cost associated with the new equipment. 

With reference to NAS, is the difference between the base-case water operating costs, from the water 

operating costs after using water management options, given by Equation 4. 

                                                                                                                                

Where, OCbase-case is the base-case expenses on water and OCnew are the new expenses on water after 

modifications. 

The total operating cost (OC) of a water system comprises the fresh water cost, the effluent disposal 

charges, the energy cost for water processing and the chemical costs as given by Equation 5. 
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Where, CFW is the cost per unit time for freshwater; CWW is the cost per unit time for effluent disposal 

charges; CEOC is the cost per unit time for energy for water processing and CC is the cost per unit time for 

chemicals used by the water treatment system [11], [33]. 

i. CEMWN Technique 

The thought of making a cost-effective minimum water network (CEMWN) design, considering process 

changes, following the WMH was first attempted by Wan Alwi [33]. This is a technique that provides a 

quick and efficient channel to screen design options that involve process changes before detailing the 

water network. This framework is applicable to industrial and urban sectors. Although this technique 

can handle multiple contaminant systems based on the water quality requirements of the process and 

the majority of the mathematical modelling-based multi objective water pinch analysis (MOPA) 

solutions are implemented with a multiple contaminant approach, this involves a complex modelling 

structure which may be difficult to set up, especially by industrial users [33]. 

 As alternative, it is possible to aggregate contaminants such as total suspended solids (TSS) or total 

dissolved solids (TDS), allowing multiple quality factors to be modelled as a single contaminant system 

[45]. The aggregated contaminants modelled as a single contaminant is known as a pseudo-single 

contaminant system. To use this type of system is necessary to reassess the network in order to check if 

all the other contaminant concentrations that are not considered are still within the allowable limits 

before the implementation [33]. 

Figure 8 illustrates the five key steps involved in generating CEMWN: (1) Specify limiting water data, (2) 

Determine Maximum Water Recovery (MWR) targets, (3) Screen process changes using the WMH, (4) 

Apply SHARPS strategies and (5) Design CEMWN [33]. 

 

 
Figure 8 - Holistic framework to achieve CEMWN approach [40] 
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Step 1: Specify the limiting data  

This step specifies the limiting water data, which involves line-tracing, establish process material 

balances and isolate the water sources and demands that have potential for integration. To isolate the 

water limiting data, readers refer to Liu et al. [30]. Then, based on the water quality requirements, the 

problem can be modelled as single or multiple contaminant approach [46]. 

Step 2: Determine the maximum water recovery (MWR) targets 

The second step establishes the base-case MWR targets. The most popular techniques to set MWR 

targets are the Concentration Composite Curves (CCC) (a graphical approach[23], [30], the Concentration 

Interval Table (CIT) for Mass-exchange Network [17] and Mass Problem Table (MPT) (numerical 

approach - Castro et al. 1999). However, these techniques are only good to fixed mass load cases, where 

process water-using processes are modelled as MTB operations involving water as a lean stream or a 

mass separating agent (MSA). In an industrial project, gains and losses are present, so it might be 

necessary to analyse the streams separately and modify the stream data [30]. A resilient tool such as the 

WCA technique [25] is needed to handle MTB and NMTB operations [46]. 

Step 3: Screen process changes using WMH 

In the third step, changes in the flow rates and concentrations still can be made to reduce MWR targets 

and as ultimate goal achieve the MWN benchmark. Is very important to prioritize all process changes 

according to WMH, never forgetting that each process change will yield new pinch points and MWR 

targets, so all process changes must be carefully considered. There are also 4 screening heuristics that 

should be sequentially applied to prioritize process changes at each level of WMH. 

Heuristic 1 – “Start with process core changes”: Start always improving the core of the system first. This 

will eliminate or reduce wastage. This heuristic is only applied to the first and second levels of WMH. 

Heuristic 2 – “Successively reduce all available demands with concentration lower than the pinch point, 

beginning with the cleanest demand”: if the dirtier demand is reduced first and then a cleaner one, it 

can be found later that succeeding reaction of the cleaner demand causes the dirtier one to lie below 

the pinch point. If there is more than one demand at same concentration, begin with the demand that 

yields the biggest flow rate reduction, in order to achieve the biggest savings. Only after that, reduce the 

remaining demands at lower concentration than the revised pinch concentration (Heuristic 3). Both 

Heuristics 2 and 3 are applicable to levels 1 and 2 of WMH. 

Heuristic 3 – “Successively reduce the demands starting from the one that gives biggest flow rate 

reduction if several demands exist at same concentration”: there is a maximum limit for adding new 

water sources (utilities) either obtained externally (rain water, river water) or by regenerating 

wastewater in order to maximize freshwater in a water distribution system. 
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Heuristic 4 – “Harvest outsourced water or regenerate wastewater only as needed”: the limit for adding 

utilities through outsourcing and regeneration corresponds to the minimum utility flow rate (FMU) which 

leads to minimum freshwater flow rate. To calculate FMU, the WCA method [25] is used to produce a plot 

of freshwater (FW) flow rate (FFW) vs. flow rate of external utilities (FU) as showed in Figure 9. The 

external utilities are increased until the minimum FW flowrate became stable. This point corresponds to 

the maximum possible freshwater reduction through addition of external utilities FMU. Heuristic 4 only 

applies to levels 3 and 4 of WMH. 

The revised MWR targets and the four heuristics are used as process selection criteria. They are 

hierarchically repeated down the WMH levels to establish the MWN targets which yield the maximum 

capacity for water savings. Then, SHARPS strategy is applied, to guarantee that the achieved savings are 

cost-effective and affordable. 

 

 

Step 4: Apply SHARPS strategy 

Although the MWN design technique could yield significant water reductions, some process changes are 

costly and because of that, unattractive to plant owners. So, SHARPS is the ideal cost-screening tool for 

design and retrofit the WMN for urban and industrial sectors. This tool is used to screen several water 

management options before the design phase, based on cost estimates for network investment and 

savings in order to obtain a desired payback period set by a designer [46]. SHARPS uses two simple 

strategies: substitution and intensification, guided by a new composite plot named as the investment vs. 

annual savings (IAS) diagram. Substitution involves changing a process or equipment, while 

intensification involves reducing equipment or process capacity [20]. 

Step 5: Network design 

After the establishment of CEMWN targets, follows the design of a cost-effective minimum water 

network (CEMWN) to achieve the CEMWN targets. This network can be designed according to one of 

the established techniques such as the one from Polley and Polley [47]; Hallale [19] and Prakash and 

Shenoy [48]. 

 

Figure 9 - Plot of freshwater savings versus the flowrate of added water source [40] 
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ii. SHARPS – A Cost Screening Tool to Attain Cost-Effective MWN 

SHARPS methodology is used to ensure that the savings achieved are cost-effective and affordable. 

1) Set a desired Total Payback Period (TPPset). This period can be an investment payback limit 

defined by the plant owner (2 years for example). 

2) Use the WCA method to establish MWR targets associated with each water management 

option at each level of WMH. It is mandatory to start at the top level of the WMH before going 

to the next level. 

3) Generate an IAS composite plot covering all levels of WMH. The plot gradient gives the payback 

period for each process change.  

4) Draw a straight line connecting the starting point and the end point of the IAS plot (Figure 10). 

The gradient of the line will be a preliminary cost estimate of the total payback period (TPP) for 

implementing all options in line with the WMH. The TPPBS is the total payback period before 

those implementations.  

Compare the TPPBS with the TPPset. The total payback period (TPPBS) should match the maximum desired 

payback period set (TPPset) by a designer: if TPPBS ≤ TPPset proceed with the network design; if TPPBS ≥ 

TPPset SHARPS strategies should be considered: 

  

 

Strategy 1 – Substitution: This strategy involves replacement of the equipment/process that resulted in 

the steepest positive gradient with an equipment/process that gives a less steep gradient. It does not 

apply to the reuse line since there is no equipment to replace.  

 

 

Figure 11 - Linearization of concave curves moving upwards (a) without peak (b) with peak. Convex curves 
moving upwards linearization (c) without valley (d) with valley [40] 

Figure 10 - (a) IAS plot covering all levels of WMH (m4 being the biggest steepest gradient and TPP for a water network);  
(b) IAS plot showing revised TPP when magnitude of steepest gradient is reduced using Substitution Strategy [40], [41] 
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Strategy 2- Intensification: The second strategy involves reducing the length of the steepest positive 

gradient until TPPAS is equal to TPPset. This strategy is also not applicable for reuse line (Figure 12). Both 

strategies 1 and 2 should be tested or applied together to yield the best savings (Figure 11) [32], [33]. 

 

 

2.6. Urban Approach towards Water Consumption 

The latest water conservation techniques adopted in urban systems such as urban and public buildings, 

have the trend of saving fresh water through the efficient consumption as well as reuse/recycle of 

wastewater. The increasing consciousness about the declining of freshwater supply has turned 

mandatory the cooperation between consumers and suppliers towards water management practices.  

Therefore, water companies have introduced water metering systems, improved the maintenance of 

the water distribution networks and became quicker in the response to pipe ruptures and vandalism in 

order to retain a massive water leakage.  

Despite these strategies seem highly relevant, their impact in excessive water usage is not direct. 

Consequently, the majority of the water reduction measures fall on the end consumers.  

Figure 13 - Overall SHARPS procedure [40] 

Figure 12 - IAS plot showing the revised total payback period with a shorter steepest gradient curve [40] 
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2.6.1. Efficient use of water resources in Urban Buildings 

In the “Municipal Water Plan” report in Aveiro region [49] was concluded that Water is not used 

efficiently, for example in irrigation and buildings in general.  

Besides construction considerations and building system designs that ensure an effective water use, 

there are some measures that end consumers can take in the everyday tasks and that will contribute to 

saving water ensuring the so called, Water Efficiency (WE). [50] 

It is necessary to define Water Efficiency (WE) in order to respond to product and process specificities 

and so, be able to avoid generalizations and uneven comparisons. To WE, also contribute small changes 

in consumer behaviour in order to reduce waste or even the option to purchase more efficient products. 

[50] 

There are several water conservation strategies being employed in urban systems nowadays, but in the 

scope of this Thesis, it will be discussed mainly the National Programs in course in Portugal, water saving 

measures and equipments as well as rainwater harvesting and greywater recycling. 

2.6.2. Portuguese Programs  

During 2001 it was elaborated for the first time in Portugal, the National Program for the Efficient Use of 

Water (Programa Nacional para o Uso Eficiente de Água – PNUEA) [51] which has the goal to evaluate 

the efficiency of the water uses in urban, industrial and agricultural sectors in the country as well as to 

propose a set of measures that could allow a better use of this resource with the additional advantages 

of reducing the amount of residual waters generated and its inherent energetic consumptions. 

In PNUEA, 87 measures are presented in detail, 50 of them for the urban sector, 23 for the agricultural 

sector and 14 for the industrial sector. Several measures proposed to the urban sector, can also be 

applied to the industrial one.  

According to PNUEA, water is an essential factor that translates the socio-economical development of 

the country. Water should be considered as a strategic and structural resource and it must be ensured a 

high efficiency of its use, which should correspond to a strategic option in the national management of 

water resources. [51] 

In 2012, the estimates made in 2000, related to water use inefficiencies in each sector covered by 

PNEUA (urban, industrial and agricultural) were analysed: 40% in agriculture, 30% in industry and 40% in 

urban.  

Based on these figures, the Resolution of the Council of Ministers No.113/2005 stipulated to achieve in 

the next PNEUA for water waste by sector and applicable in 10 years, the following targets: 20% for the 
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urban sector, 35% for agriculture and 15% for industrial sector (which can be translated in efficiencies of 

80%, 65% and 85% for urban, industrial and agricultural sectors, respectively). [52] 

2.6.3. Water Saving Measures and Equipments 

Once the available water resources are decreasing and in shortage situation its management should be 

even more careful, several measures have been studied worldwide in order to make the final consumer 

reduce their water consumption through a change of habits. Figure 14 shows the percentage of water 

consumption uses at Portuguese houses and apartments [53]. The use of water-saving equipment could 

be required to reduce the consumption of a large amount of water. This type of equipment can be used 

not only in urban accommodations but also in other kinds of buildings.  

 

Figure 14 - a) Water consumptions without external uses and b) with external uses [53] 

Several studies carried out in Netherlands have shown that the overall water consumption per person 

declined four litres per day when gadgets are installed within domestic buildings. [54]  

Water saving measures (Topic 1) and water saving devices (Topic 2) will be listed into five categories 

which represent about 90% of the water global usage (A – Toilet Flushes, B – Bathroom Taps, C - 

Showers, D – Kitchen Taps, E – Dishwasher and Laundry). It is not possible to make a quantification of 

every single measure in terms of water saving percentage or amount of litters saved, so it will be done a 

qualitative evaluation only as an indicator when facing each case, using the caption present on Figure 

15. [50]  

 

 

Figure 15 – Caption of the qualitative classification [50]  
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 Category A: Toilet Flushes 

Toilet flushes represent almost about 30% of the total water consumption at home. The investment 

made in an efficient toilet flush is low, when compared with the potential savings that can be made in a 

short amount of time (Table 1). [50] 

Table 1 - Water Saving Measures – Toilet Flushes [50] 

Action Saving measure or equipment Classification 

1.A1 Many manufacturers offer water saving devices that can be applied on every toilet flush – 
allows reduction of the discharge. Although is not the most appropriate solution, placing 
a full 1.5L water bottle can also reduce the discharge volume. 

 

1.A2 Adjust minimum discharge volume (if possible) lowering the float. On average each 
discharge spends 10 to 12L, when 6 are more than enough.   

1.A3 Avoid unnecessary discharges. Do not throw waste (hair, papers, cigarettes, etc.) on the 
toilet. Place them on a trash can in the bathroom.  

1.A4 Keep the toilet without leaks. A simple test to check if the toilet is losing water is pour 
some talcum powder on the walls of the toilet: if it disappears there is a water leakage.  

2.A1 Purchase a toilet flush with maximum discharge of 6 litres. 

 
2.A2 Prefer two flush cycle toilets with 6 and 4 litres discharges. 

 
2.A3 Install a “save a flush” device in the cistern (with or without clip) 

 
 

 Category B: Bathroom Taps 

Taps are the most common water consuming devices found in a house. There are at least 3 to 5 taps per 

household.  Is estimated that, wash basin taps, represent a share of 15 to 20% of household water 

consumption (Table 2). [50] 

Table 2 - Water Saving Measures – Bathroom Taps [50] 

Action Saving measure or equipment Classification 

1.B1 Close the tap while brushing teeth and use a glass to mouthwash. 

 
1.B2 Fill up half the washbasin to shave, close the tap while shaving or alternatively use an 

electric machine.   
1.B3 When washing hands, close the tap while soaping.  

 
1.B4 Always close taps after its use, ensuring that they stay tightly closed. In case of failure, 

close the safety tap and fix it.   

2.B1 Acquire taps that use less than 4 litres/min.    

 
2.B2 Install flow reducers/aerators/economizers on taps, allowing the flow reduction without 

losing comfort.   

2.B3 Acquire “eco-stop” taps or with larger opening angle of the handle. 

 
2.B4 Consider installing “mixer taps”, once they enable a better temperature control preventing 

water wastage.  
 

 Category C: Showers 

Baths and showers represent almost one third of household water consumption. Thus, there is a huge 

savings potential associated when applying measures to reduce the spent volume of water in each use.  
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The main factors that influence the shower water consumes are: flow rate, duration and frequency 

(Table 3). [50] 

Table 3 - Water Saving Measures – Showers [50] 

Action Saving measure or equipment Classification 

1.C1 Prefer shower to immersion bath. 
 

1.C2 When taking an immersion bath, consider to fill only half tub. 

 
1.C3 Prefer short showers, with a duration that doesn’t exceed 5 to 7 minutes (use a timer).    

 
1.C4 Close the shower water while soaping or washing your hair. In alternative use timed 

showers that interrupt the flow rate.   
1.C5 To save water and time, consider to wash teeth and face while at the shower. 

 
1.C6 Use a bucket at the bathroom to take advantage of the cold water that goes out of shower, 

while the water is not hot. Use that water to cleanings, irrigation or replacement of flush 
water.   

 

2.C1 Every time you need to replace/acquire new showers, consider to buy one that consumes 
less than 7 litres/min.  

2.C2 Install flux concentrators which minimize dispersion.  

 
2.C3 Install flow reducers/aerators/economizers on taps, allowing the flow reduction without 

losing comfort.  

2.C4 Acquire a water heater instead of a boiler/cylinder. 

 
 

 Category D: Kitchen Taps 

Along with the bathroom taps, kitchen taps have a significant share on the household water 

consumption (Table 4). [50] 

Table 4 - Water Saving Measures – Kitchen [58] 

Action Saving measure or equipment Classification 

1.D1 Minimize the use of running water to defrost food. Alternatively use a bowl if you have 
not defrosted it the day before.  

1.D2 Water used to wash fruit and vegetables can be reused to water the plants.  

 
1.D3 Use as little water as possible to cook food, taking advantage of vapour, microwaves or 

pressure cooker.  
1.D4 Avoid hand dishwashing. If you can’t avoid fill the sink, first removing the leftovers with a 

napkin and then “soak” it before washing.   
1.D5 Do not wash dishes piece by piece. Gather a reasonable amount of dishes avoiding the 

tap open continuously, not letting the water run while rinsing.   
2.D1 Acquire taps that use less than 6 litres/min.    

 
2.D2 Install flow reducers/aerators/economizers on taps, allowing the flow reduction without 

losing comfort.  

2.D3 Acquire “eco-stop” taps or with larger opening angle of the handle. 

 
2.D4 Consider installing “mixer taps”, once they enable a better temperature control 

preventing water wastage.  
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 Category E: Dishwasher and Laundry 

The joint use of dishwasher and laundry is responsible for about 10% of the water consumption in a 

household.  The water reduction on these equipments is directly related to the way they are used (Table 

5). [50] 

Table 5 - Dishwasher and Laundry [58] 

Action Saving measure or equipment Classification 

1.E1 Use “eco” programs, that lead to a lower water consumption; 
 

1.E2 Whenever possible, use the full load capacity of the machine. A full machine consumes less 
water and energy than two “half-load” capacity ones.   

1.E3 Minimize the dish rinse before you put it on the dishwasher – use a napkin to remove the 
excess of food.  

1.E4 Prefer to wash dishes in the dishwasher instead of washing by hand. 
 

2.E1 Acquire equipments with washing cycles adjustable to your daily routines.   
 

2.E2 Prefer low consumption equipments (laundry and dishwashers). 
 

2.E3 Consider efficiency when purchasing new equipment (6 litres/kg for laundry and 9 litres/kg 
for dishwashers).  

 

2.6.4. Rainwater Harvesting 

The urban development and its constant growth are the direct responsible for the increasing water 

demand, which leads to a huge water stress on the existing resources. Since water management in cities 

is currently far from sustainable, it is necessary to use alternative water sources such as rainwater to 

satisfy demands that do not require potable water. [55], [56]  

Rainwater Harvesting (RWH) is the collection and storage of the rainwater, for future utilization. This 

water source can be employed by individual households and municipalities, to reduce freshwater 

demand. In household cases, it typically requires a collection system – a storage tank where the rain 

water from the roof top can be stored. In addition, municipalities will require dams to trap large 

volumes of rainwater. Then, the collected water is channelled to treatment units before its distribution. 

[57] 

RWH is therefore, presented as a sustainable strategy to be included in the urban water cycle 

management. It has several benefits, once it may reduce the external water consumption, lightens the 

water stress of that region, reduces the amount of water to be treated, prevents flooding and even 

helps to ease climate change. [55], [58]–[61] 

Until recently, RWH was too many times ignored while alternatives such as desalinization have been 

promoted in order to support city’s water supply. [62] 

If rainwater is of relatively high quality, it can be used without treatment for washing, toilet flushing, 

lawn-watering and bathing. However, treatment may be required if the end use is drinking. [57] 
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i. Characterization of Rainwater Harvesting Systems (RWHS) 

Rainwater Harvesting Systems (RWHS) aim to conserve water, through the reduction of freshwater 

consumption. These systems usually collect rainwater from a roof surface, directing it into storage tanks 

for later use. The quality of the collected water will depend of the materials used in the roof and waste 

that may be deposited in there. 

Rainwater (along with residues, leaves and sediments) is collected in gutters with plastic or metal 

meshes and the first filtering is made. Then, the water is channelled through down pipes and passes 

through another filtering system that removes the remaining sediments and impurities before entering 

in the storage tank.  

The rainwater storage tank is the most expensive component of the RWHS and must be ventilated. To 

maximize the investment return, the sizing of the tank must be carefully done, taking into account its 

local precipitation, expected length of dry periods, non-potable water consumption, caption area and 

others. It is at the water tank, that occurs the last cleanse and filtering before the collected water is 

ready to non-potable usages.[63]–[65] 

ii. Basic Components of a Rainwater Harvesting System (RWHS) 

A typical RWHS consists on the following basic components:  

a. Catchment surface: surface where the rain falls – usually the roof top. However other surfaces 

can be used, such as pavements, especially if they are less likely to accumulate pollutant 

substances in significant amounts.  

b. Transport system: comprises the components that send the rainwater into the tank, such as 

gutters and down pipes. 

c. First-flush system: after dry periods, the first rain that falls into the roof must be flushed. Its 

main purpose is to clean the catchment surface from every type of waste that can contaminate 

water. This device is not crucial to the rainwater collecting system; however it increases 

significantly the water quality.  

d. Filtering devices: responsible for sediment and dust removal, from the harvested rainwater 

before it enters the tank. 

e. Storage devices: or cisterns can be buried, half-buried, based on the ground or elevated. They 

also can be built in different materials such as concrete, fibreglass, steel or polyethylene.  

f. Distribution network: is the transportation system for the end-use, through gravity or pumping 

system. 

g. Pumping system: used when it is necessary to elevate water to higher heights – common when 

the cistern is buried. It starts working every time there is water consumption and stops when 

consumption ends, enabling an efficient use of energy. 
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h. Treatment: it is particularly relevant in water-potable systems, but in non-potable ones, only 

includes particle removal.  

Figure 16 and 17 show typical examples of rainwater harvesting systems: 

 

Figure 16 - Generic Rainwater Harvesting System [66] 

 

 

Figure 17 - Typical Rainwater Harvesting System [67] 

iii. Tank Dimensioning 

In most cases, the RWH tank is the most expensive component of the entire system. Therefore, is 

extremely important to make a proper dimensioning. It cannot remain empty for long periods and it 

cannot cause rainwater wastage. It must be able to meet the building needs of non-potable water 

purposes. So, it is necessary to have a proper knowledge of the building characteristics such as: 

 Catchment area; 

 Local rainfall and climatic patterns; 

 Required water volume (non-potable needs); 

 Maximum quantity of harvested water (supply); 

 Availability of alternative water sources; 
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 Amount of space available to install the system; 

 Budget. 

There are several different methods to calculate RWH tank capacity and they differ on complexity and 

sophistication. One of the most used ones is the Ripple Method, also known as the Mass Diagram 

Method and despite being easy to apply, has been developed to large reservoirs, which increases the 

projected tank volume. The value obtained by this method should be considered as an upper bound 

value and may serve as a maximum reference value. [68] 

According to ETA 0701 [69], this method is very useful for large dimension systems where the 

consumption is not uniform over time. In this category can be also include the Australian and Simulation 

Methods.  Additionally, practical methods are approximations that do not contain as many variables as 

the theoretical ones, being based on simple expressions and presenting a final value for the tank. 

However, the final value may not always be the more appropriate. [63] 

Some of the most used methods nowadays are the Ripple Method, the Simplified German Method, and 

the Simplified Spanish Method, between other:  

 Ripple Method 

This method focuses on determining the storage tank volume, based on the catchment surface and 

considering that a parcel of the rainwater that falls is not stored. The authors recommend using daily 

precipitation data in order to have greater precision. The data collection period should be maximized, 

leading to a more efficient design. [68]  

The input data for the volume calculation are: daily or monthly precipitation (mm); daily or monthly 

water consumption (m
3
); catchment area (m

2
); runoff coefficient and system efficiency. The system 

efficiency refers to the efficiency of the devices installed before the tank, such as filters, first flush 

deflectors; among others (filters usually have 0.9). [68] 

The results of this method are:  

o Usable Volume (m
3
): maximum volume of rain that can be collected in a certain period 

(daily or monthly) given by Equation 6;  

                                                                                                                                         

Where: 

V – Daily, monthly or annual rainwater volume (l); 

P – Daily, monthly or annual precipitation (mm); 

A – Catchment area (m
2
); 

C – Runoff coefficient; 

  – System efficiency. 
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o Consumption – Usable Volume (m
3
): difference between the water volume consumed 

and the usable rainwater; 

o Accumulated differences (m
3
): difference between the volume obtained by the sum of 

the positive differences between consumption and usable volume; 

o Tank volume (m
3
): maximum volume of the accumulated differences. 

 

 Simplified German Method 

Is an empirical method, where the tank volume is calculated by the lower value between the usable 

volume of precipitation and the annual consumption of non-potable water and multiplied by 6% [69], as 

Equation 7 shows:  

                                                                                          

Where: 

Vtank – Calculate tank volume (m
3
); 

Vu – Usable volume of annual precipitation (l); 

Ce – Annual consumption of non-potable water (l); 

According to ETA 0701 [69], this method admits a 3 week reservation period of water in the tank. 

 Simplified Spanish Method 

This method considers precipitation and consumption, like the Simplified German Method, but takes 

into account the average between rainwater usable volume and annual estimated consumptions of non-

potable water, considering also a water reservation period in the tank of 30 days. The calculation of the 

tank volume according with this method is given by Equation 8 and the net volume should be at least: 

                                  
      

 
   

  

   
                                              

Where: 

Vtank – Tank Volume (l); 

Vu – Usable volume of annual precipitation (l); 

Ce – Annual estimated consumptions of non-potable water (l).   

Generally this method leads to values with the same magnitude as the Simplified German Method [69].  

There are other methods like the Brazilian Method Azevedo Netto or the Practical English Method, 

which are based only on the rainfall volume, being the final value independent of the water 

consumption. The Brazilian Method Azevedo Netto, studied to significantly different climatic conditions 

of the ones observed in Portugal, leads (for a dry period of 3 months, value generally accepted in 

Portugal in these studies), to a volume that is about twice of the one obtained by Simplified German 



29 

Method, which is considered excessive. The Practical English Method, like the Simplified Spanish 

Method, leads to values close to those obtained with the Simplified German Method. [69] 

iv. Legal Framework in Portugal 

The first existing laws in Portugal concerning to water, date from the 40’s. In 1943 arises the regulation 

for water supply and since then, legislation has evolved. In 1994 a revision and update of the general 

regulations of the water mains and sewage were made, resulting in the Decree Law n.207/94 of 6 

August 1994. [70] From this decree, arises the Decree n. º 23/95 of 23 August 1995 [71], where finally 

was define the concepts of storm water sewage or simply rainwater. [63] 

On October 23th 2000, was approved the Water Framework Directive (Directiva nº 2000/60/CE, 23 

Outubro). [72] On the sequence of this legal document arises in 2001, the National Programme for the 

Efficient Use of Water (Programa Nacional para o Uso Eficiente da Água, PNEUA). [51] PNEUA was 

created with the aim of evaluating the water usage efficiency on the urban, agricultural and industrial 

sectors and to propose a set of measures to better usage. 

To assist on the implementation of the PNEUA measures, were drafted in 2005, several Technical 

Reports to Support the Implementation of PNEUA. According to this reports, the DL 23/95 [71] and some 

municipal regulations raised several obstacles to the viability of the reutilization of lower quality waters. 

The DL 23/95 prohibited the use of non-potable water for uses other than washing floors, irrigation, 

firefighting and non-food industrial purposes (Article 86). This constituted a barrier to lower quality 

water reuse in building networks (such as toilet flushes). [63] 

Later in 2005, ANQIP (Associação Nacional para a Qualidade nas Instalações Prediais) drafted two 

specifications, ETA 0701 [69] and ETA 0702 [73]. The first one establishes technical criteria for the 

creation of rainwater harvesting systems on building rooftops for non-potable purposes. It defines also, 

several requirements for the proper functioning of a RWHS. It states that a RWHS should be subject of a 

technical project, whose developments must be in accordance with the requirements of Ordinance no. 

701-H/2008, 29th July and all its components must obey to legislation as well as national and European 

standardizations that may exist. ETA 0702 establishes the RWHS certification conditions, executed in 

accordance with ETA 0701. It also requires the Project Certification by ANQIP, intervention of a certified 

installer and certified installation [63]. 

Finally, in 22
nd

 June 2012, was approved the Directive no. 130/2012 [74], in order to restructure the 

current institutional framework. This Directive aims to establish a basic structure and send other 

institutional aspects to own statutes. It also takes advantage of the legislative initiative to improve 

PNEUA [52] and the National Water Resources Information System (Sistema Nacional de Informação de 

Recursos Hídricos, SNIRH). [75] 
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2.6.5. Greywater Source 

The harvesting of some domestic wastewater or greywater (GW) from showers and equivalents, after 

proper treatment, can be considered as a saving measure capable of reduce significantly the urban 

consumption of freshwater, through its reuse in toilet flushing discharges, irrigation and firefighting 

systems. [76] 

The use of non-potable water is a subject under national legislation, so is always justifiable a detailed 

study that leads to a proper definition of the several types of treatments and possible uses of these type 

of waters [77].  

Residual waters can be divided in black water (BW) and greywater (GW).  The distinction between them 

is mainly its composition: while BW comes from toilets and dishwashers, GW comes from laundry, 

showers, bathtubs and sinks. [78], [79] 

GW recycling or reuse is already taken, in several countries, as an adequate measure to reduce urban 

freshwater consumption. However there are still, some limitations related to GW uses, due to public 

health issues.[80] In countries where these types of waters are used in a substantial scale, Directives and 

Norms were created.  Some criteria need to be taking into account to reuse GW such as users’ health 

protection, the environment preservation and service quality requirements for the intended use.  

However, in Portugal, GW use is only made (with regulations) outdoors. This limitation is related to the 

protection of public health that can be jeopardized in case of intersections between building water 

supply networks. [78]  

i. Greywater Recycling Systems  

A Greywater Recycling System (GWRS) grants, before the final discharge to sewers, that water can be 

reused on the building with or without treatment, depending on the quality requirements. [81]  GW 

disinfection and filtration main goals are to remove solids and eliminate odours in order to reduce the 

risk of contamination. This treatment can be, if necessary, made by using chlorine or bromine. 

Treatments with heat, UV light or activated charcoal can be also made in spite of the higher costs. [82] 

These systems vary in complexity and size – from small systems with simple treatment processes to 

large ones with complex treatment processes [83]. However, the most common components are: a tank 

to save the treated water, a pump, a distribution system to transport the treated water until its final use 

and some type of treatment. Figure 18 illustrates a GWRS and the flow path of the GW through the 

system. 

All GWRS that storage water, must contain some treatment level, because if this water is not treated, 

rapidly will deteriorate on the reservoir. This quick deterioration happens due to the warm temperature 
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of the GW. Once GW is rich in nutrients, it promotes the ideal conditions to bacteria multiplication, 

which results on odours and poor water quality. [82] 

When dimensioning a GWRS, an alternative water supply must be provided with water from other 

sources, with proper quality. This supply shall be automatic and done in the last phase of the treatment 

for when the tank reaches the minimum water level, the supply device will start introducing water until 

it reaches the necessary amount [81].   

 
Figure 18 - Flow path diagram of a generic Greywater Recycling System [83] 

ii. Greywater Composition 

The type of greywater produced on households, vary with: number of occupants, water behaviour 

patterns, age and health of the consumers.  

1. In the kitchen, GW contains essentially: food traces, fats, oils, micro-organisms and detergents. 

The last one is often high alkaline making this GW harmful to irrigation. 

2. In the bathrooms, the most common elements are soaps, shampoos, toothpaste, cleaning 

agents and hair. 

 Sinks: generally produce more polluted waters than showers/baths, however in less 

volume. Some products can act as plant nutrients contributing as fertilizers but others 

may affect plant growth and soil structure. 

 Showers: despite being less contaminated, may contain urine. Regardless of being a 

harmless compound when coming from healthy individuals, may contain pathogenic 

microorganisms if derived from individuals with infections. However, the probability of 

these survive outside the human body is very remote, making this water considered 

acceptable for reuse. 

3. In laundries, after a short washing time, the quality of the effluent improves significantly. 

Bacteria concentration is not usually high unless when washing diapers. The water 

contaminants are usually soap, salt and organic matters which may sediment. Besides the 

unpleasant odour there is still a possibility of soil damaging. Liquid detergents are less 
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concentrated and considered to have better environmental performance than powder 

detergent. [84] 

The organic substances found in GW are measured through the parameters Biological Oxygen Demand 

(BOD) and Chemical Oxygen Demand (COD). The amount of organic substances present in GW depends 

on the origin of the partial flows of the collected GW. The following table (Table 6) gives an overview of 

the expected concentrations. It is worth noting that the values listed on Table 6 may vary with the 

regional drinking water quality [85]. 

Note: Once in Portugal there is a lack of legislation about greywater reutilization, the information listed 

below comes from the guidelines of the German Drinking Water Ordinance and the Norms of the 

German Institute for Standardisation (DIN) all present in the Information Sheet H201 [85]. 

Table 6 - Composition of untreated GW of different origins. Values based on experience from measurements (10 to 100 each) 
[89] 

Parameter Units Bathtubs, showers, 
washbasins (measured 

after sediment tank) 

Bathtubs, showers, 
washbasins and 

washing machine 
(including baby 

diapers) 

Bathtubs, showers, 
washbasins, washing 
machine and kitchen 

COD mg/l 150 - 400 (Ø  225) 250 – 430  400 – 700 (Ø 535) 
BOD5 mg/l 85 - 200 (Ø 111) 125 - 250 250 – 550 (Ø 360) 

Nitratetotal
A) 

mg/l 0.5 - 4 (Ø 1.5) n/a 3 – 8 (Ø 5.4) 
Phosphatetotal

A) 
mg/l 4 - 16 (Ø 10) n/a 10 – 17 (Ø13) 

pH - 7.5 - 8.2 n/a 6.9 - 8 
A) Values may vary depending on the regional drinking water quality 

iii. Greywater Quality Requirements 

GW quality requirements vary depending on the intended use. In general, these type of waters should 

be hygienically/microbiologically safe and without odours. Once there are no legal regulations, it is 

recommended to request quality guarantees from the supplier of the GW system for the specified use.  

 Toilet Flushes 

The following requirements showed on Table 7 were developed by the Berlin Senate Office in 2003 [85] 

and the hygiene requirements selected were oriented towards the EU Guidelines for Bathing Water 

(Directive 76/160/EEC) [86].  

Table 7 - Quality requirements for toilet flush water [90] 

BOD5 < 5 mg/l 

Oxygen Saturation >50% 
Total Coliform bacteria < 100/ml 

Faecal Coliform bacteria < 10/ml 
Pseudomonas aeruginosa < 1/ml 
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 Laundry 

From scientific investigations about clothes being washed with rainwater, freshwater or GW (treated 

and fulfilling the quality aims listed on Table 7), there is no difference from a hygienic/microbiological 

aspect [85].  

iv. Legal Framework in Portugal 

Greywater recycling is not mandatory in Portugal, but is an encourage practice to follow, every time is 

possible and appropriate, not only on public policies such as the Program for Monitoring and Mitigate 

Drought Effects 2005, approved by the Resolution of Council of Ministers no. 83/2005 of April 19
th 

[87], 

PNEUA (already mentioned) [51] and the Strategic Plan for the Water Supply and Wastewater Sanitation 

(PEAASAR II) [88] approved on the Decree no. 2339/2007 of December 28
th

 2006) [89] but also on 

Directives such as the Directive 91/271/EEC concerning urban wastewater treatment (on the DL no. 

152/97 of June 19
th

) [90] and water use regime (DL no. 226-A/2007 of May 31th) [91]. 

The Portuguese Norm NP 4434:2005 [92] on the Treated Wastewater Reuse for Urban Irrigation, arises 

for the development of sustainable irrigation practices with wastewater, avoiding incorrect applications 

that may undermine or discourage solutions that may bring many environmental benefits.  

The Technical Specification ETA 0905 [81] establishes technical criteria for the creation of Building 

Systems that Recycle or Reuse Greywater (in Portuguese, Sistemas Prediais de Reciclagem ou 

Reutilização de Águas Residuais Cinzentas, SPRAC). ETA 0905 makes the distinction between the 

different types of wastewater and the term SPRAC is defined here. It also defines a legal and regulatory 

framework that draws attention to SPRAC sizing, taking into account the European Norms EN 12056-2 

[93] and EN 806-3 [94]. 

Greywater reuse is allowed for laundry, toilet flushing and garden irrigation, being also considered soil 

infiltration or discharge into water lines for treatment. According to ETA 0905, the quality requirements 

for discharges of cisterns, are described in Table 8: 

Table 8 - Toilet flush quality requisites [85] 

Parameter MAV
(A) 

MRV
(B) 

Total Coliforms - 10
4
 CFU

(C)
 / 100 ml 

Faecal Streptococci (Enterococci) 400 CFU / 100 ml - 
Faecal Coliforms (E. Coli) 10

3
 CFU / 100 ml 0 

Pseudomonas aeruginosa 1 CFU / ml - 
Enteric parasites 1 egg / 10 l - 
Suspendid Solids 10 mg / l - 

Turbity 2 NTU
(D) 

- 
(A) MAV – Maximum Admissible Value 

(B) MRV – Maximum Recommended Value 

(C) CFU - Colony Forming Units 

(D) NTU - Nephelometric Turbidity Units 
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v. GW Treatments 

There are several available technologies already established in the water treatment sector that can also 

be applied on GW treatment. Technologies that do not involve chemicals and/or need small amounts of 

energy and maintenance are always preferable [85]. The most common GW treatment technologies are: 

 Basic two-stage systems: Coarse filtration added to disinfection represents the most common 

technology used in the UK. Is a process that requires little permanence time, allowing the 

chemical nature of the GW to maintain unaltered which requires the use of minimal treatment. 

The coarse filter normally is metallic and the disinfection is achieved with slow release blocks of 

chlorine or bromine [95]. 

 Biological systems: This type of treatment is used to remove biodegradable material and 

especially used on systems with large distribution networks such as hotels or community-based 

recycling schemes. Biological systems can bring benefits, when combined with membrane 

bioreactors (MBR) and biologically aerated filters (BAF), once they are processes that require 

little energy and produce high-quality effluents. 

The complexity of the technology applied, should be proportional to the scale of the recycling scheme. 

Installations in colleges and small offices which focused on simple physical or biological systems, showed 

to be far more economically viable than the two-stage systems of coarse filtration with disinfection [95]. 

2.7. Applications from Literature  

In this chapter, two case studies related to the industrial sector and one for the urban sector are 

showed. The first industrial case took place on a semiconductor plant and shows the application of 

SHARPS methodology and gives an economical report about the process changes to be applied in order 

to obtain the best possible water savings. The second industrial case occurred on a PVC plant and 

despite not giving an economic analysis of the proposed procedural changes, provides further insight 

into the processes synthesis, analysis and subsequent optimization of the water network. 

Concerning the urban sector, it will be presented the pioneer case study of the sector found in the 

literature: this is the first case study developed and published for the urban case, which shows that 

much remains to be done in this sector. All the more recent examples found in the literature are based 

on the previous work, done by the former researchers.  

2.7.1. Industrial Application - Semiconductor Plant Case Study [33] 

The CEMWN framework was successfully applied on a semiconductor company in Malaysia (MySem). 

This plant, which involved a combination of domestic and process water usages, represented an ideal 

application of the CEMWN framework for both urban and industrial sectors [33]. 
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Description of the Process: 

The water distribution network for MySem is showed in Figure 24 and Figure 25 (both in Appendix A), 

whose primary function is R&D as opposed to production. The main products of MySem are 6 and 8 

inches wafers, which were produced using different recipes in order to meet customer demand. 

Water demands in MySem include de-ionized (DI) water production, domestic uses (toilet flushing, 

office cleaning, wash basin, toilet pipes and ablution) and non-process uses such as abatement, 

scrubber, cooling tower and wet bench cooling. 

The estimated total FW consumption for MySem was 42.6 ton/h for the month of October 2005. Of this 

value, 31.78 ton/h was used for de-ionized (DI) water production and the rest for domestic and non-

process uses. The water use varied throughout the year according to production and equipment 

conditions. MySem DI water was used for wet cleans, solvent processes, acid processes and tool 

cleaning. 

Implementation of the SHARPS method and results obtained: 

To obtain a cost-effective water network that achieves the MWT within the payback period, the five - 

step method SHARPS was implemented: 

Step 1: Specify the limiting water data: it was made a detailed process survey and line tracing, 

establishing the process stream material balances and water quality tests. Tests for contaminants were 

made on site, such as total suspended solids (TSS), biological oxygen demand (BOD), chemical oxygen 

demand (COD), total dissolved solids (TDS). TDS was ultimately chosen as the dominant water quality 

parameter for MySem and was monitored using a conductivity meter.  

Relevant water streams with recycling potential were extracted into a table of limiting water data (Table 

44, Appendix A), covering all process sources and demands in terms of flow rate and contaminant 

concentration. The contaminant (C, in ppm) represents TDS. 

Step 2: Determine the MWR targets: in this step the base-case MWR targets were established using 

WCA technique. Table 45, Appendix A shows that the FW and WW flowrate targets are FFW=11.04 ton/h 

and FIWT= 0.02 ton/h respectively. Note that the cleanest water targeted with 0 ppm of concentration 

referring to DI water (FDI) needed to be supplied to the blend water tank instead of FW. This happens 

because FW for MySem had a concentration of 30 ppm. The source water flow rate at 30 ppm was 

actually the amount of FW supply needed. The values computed were FDI=0 t/h and FFW= 11.04 ton/h. 

The FIwt of 0.02 ton/h shown on Table 45 only concerns to the Industrial Wastewater Treatment (IWT) 

wastewater considered to reuse. The total IWT should also consider 5.69 ton/h of IWT wastewater, not 

available for reuse due to chemical contamination, giving a total IWT of 5.71 ton/h to be discharged for 

MySem (Table 46). 
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Considering the present integration schemes implemented, the initial FW and total IWT flow rates were 

39.94 ton/h and 34.45 ton/h, respectively. The following equations gave FW and IWT reduction of 72.4% 

and 83.4% respectively (Equations 9 and 10): 

                
                                                    

                      
                                           

                 
                                                  

                       
                                              

Step 3: WMH – guided screening and selection of process options 

After the base-case MWR target calculations, all potential process changes to improve MySem water 

system were listed according to the several WMH levels as shown in Table 47, Appendix A. MySem 

initially selected process changes based on net annual savings (NAS) associated with each process 

change (check marks in column 3, Table 47, Appendix A). The ultimate minimum water targets obtained 

after MWN analysis were given by check marks in column 4, Table 47, Appendix A. 

3.1. Source elimination: The pinch point obtained from the base-case MWR targeting stage was 23360 

ppm (water cascade table, Table 46, Appendix A). In order to maximize FW savings, the top priority was 

to eliminate water demands below the pinch point (any demand with concentration below 23360 ppm). 

Note that all the water demands considered on Table 44, Appendix A met this criterion, which means 

that all possible process or equipment changes were considered. Through Table 47, Appendix A, was 

possible to eliminate D12 and D13 by changing the wet bench 202 and 203 Quartz tanks, which initially 

needed continuous water for cooling, to Teflon tanks. The elimination of D12 and D13 resulted in new 

water targets at 8.3525 ton/h of freshwater and 0.0215 ton/h of IWT. The pinch point was maintained at 

23360 ppm. 

3.2. Source reduction: the next process change was reducing demands above the pinch point with any 

concentration lower than 23360 ppm. According to heuristic 2, the demand at the lowest contaminant 

concentration (52 ppm) was reduced first. The FW and IWT flow rates after application of each process 

change are summarized in Figure 26, Appendix A.   

3.3. External Water Sources: next process change according to WMH was to add an external water 

source at a concentration lower than the new pinch point concentration of 4608 ppm. Based on MySem 

available roof area and rain distribution, it was possible to harvest 0.11 ton/h (maximum design limit, 

Fmax design) of rainwater at concentration of 16 ppm as a new water source. This option has the potential 

to reduce the FW and IWT targets to 5.8349 and 0.0370 ton/h, respectively (12
th

 row of Figure 26, 

Appendix A). The pinch point was maintained. 

3.4. Regeneration: This was the final process change considered according to WMH. FW savings could 

only be taken through regeneration above or across the pinch. Regenerating all ‘WB201 in-operation’ 

(S9) at 23360 ppm and 0.0201 ton/h (maximum utility flow rate, FMU obtained using trial and error in 
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WCA) of ‘WB101 in-operation’ (S5) at 4608-52 ppm by carbon bed, EDI and ultraviolet (UV) treatment 

systems reduced the freshwater and IWT targets to 5.707 and 0 ton/h, respectively (Table 50, Appendix 

A). Considering the IWT excluded from integration, the new IWT flowrate after regeneration was 0.7492 

ton/h. This corresponded to 85.5% of freshwater and 97.8% of industrial wastewater reductions. 

Then, the minimum water targets were ultimately obtained. It is worth mentioning that the MWR 

through reuse and regeneration only resulted in savings of up to 72.4% FW and 83.4% WW. But 

following SHARPS steps enabled potential FW and WW reductions up to 85.5% and 97.8%, respectively. 

Once the benchmark target was achieved, the MWN network design using several network design 

approaches such as source-sink mapping diagram [47], nearest neighbour algorithm [48] or 

mathematical modelling [21], [40], [42]–[44], [96]–[99] was made. 

Step 4: Apply SHARPS strategy: the desired payback period (TPPset) was set at 4 months (0.33 years) by 

MySem management. A plot was made after the MWN analysis for MySem retrofit (Figure 27, Appendix 

A).  The total payback period to achieve the MWN targets before SHARPS screening was 0.38 years. 

Since the initial total payback period was more than the TPPset (0.33 years), SHARPS strategies were 

applied. 

Figure 27, Appendix A shows that the regeneration process change gives the steepest gradient. When 

focusing on Strategy 1 (which called for equipment substitution) it was realized that there is no other 

option for the regeneration process change – so it could not be implemented. Focusing then on Strategy 

2, when no regeneration was applied, the total payback period reduced to 0.36 years, as illustrated on 

Figure 26, Appendix A, which still is not enough to achieve TPPset. So, the next steepest gradient was 

analysed.  

The next steepest gradient was the cooling tower process change. Once more, Strategy 1 cannot be 

applied since only one option exists for that process change. It is worth mentioning that the cooling 

tower line is a concave curve without peak, so Fopt at the end of the line is considered the best value, as 

showed in Figure 29, Appendix A. Hence, based on the linearization rule, any reduction of the cooling 

tower curve would be beneficial. Using Strategy 2, reducing the cooling tower process change curve by 

only applying partially nitrogen cooling effect yielded the final IAS plot (Figure 30, Appendix A) that 

achieved the specified payback period of 0.33 years. D2 was reduced only to 5.966 ton/h instead of the 

initial 5.86 ton/h. This scheme allowed the reduction of 5.94 ton/h of FW and 0.70 ton/h of IWT total 

flow rate. 

In conclusion, the application of SHARPS screening enabled the achievement of the TPPset of 4 months 

with 85.1% and 97.7% of FW and WW reductions, prior to design. This was the final CEMWN target for 

MySem. The effect of applying each scheme on FW and IWT are illustrated on Figure 31, Appendix A. 

Using the pre-design cost estimate method, the system needed approximately a net total investment of 

$64500 and will give a net annual savings of $193550 per year [33]. 
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2.7.2. Urban Application - Sultan Ismail Mosque Case Study at Universiti Teknologi 

Malaysia (UTM) [20], [33] 

Until the time this case study was published, the work related to urban water targeting was inexistent, 

making this case study the pioneer in the area. So, it is required to extend the water targeting technique 

emerged in order to improve the urban water systems. This case study shows how the Water Cascade 

Analysis (WCA) technique was adapted to establish the minimum water targets for the Sultan Ismail 

Mosque at the Universiti Teknologi Malaysia (UTM). As for the industrial cases all the targets generated 

via WCA predicted significant potential reductions for freshwater and wastewater [31], [33]. 

Description of the process: 

The Sultan Ismail Mosque (SIM), located at UTM, is a mosque mainly used by the muslin students and 

staff of UTM for prayer and educational activities. The water demanding activities in the mosque include 

ablution, irrigation, showers, kitchen and toilet services as well as cleaning. A detailed breakdown of the 

water demands is showed in Figure 32, Appendix B [31].  

Freshwater is stored in four inter-connected distribution tanks, each one with a volume of 237 m
3
. 

These tanks are arranged in straight line so the FW that fills the first tank overflows into the next one 

until the four tanks are filled. The estimated total FW consumption for SIM is 11,550m
3
/year [100]. Of 

this, 9178 m
3
/year are used for ablution and the rest is for toilet flushing, irrigation, cleaning, wash 

basins and toilet pipes [100]. During the semester, the amount of water consumed for ablution is about 

60 m
3
/day on Fridays and only 25 m

3
/day on the other days. In order to estimate the realistic water 

savings for the mosque, the daily water consumptions were based on normal semester days [100]. A 

simplified water distribution system network is showed on Figure 33 Appendix B, and includes the 

stream numbers, flow rates and contaminant concentrations [31].  

Water Recycling scheme for the Sultan Ismail Mosque proposed by IEWRM: 

The Institute of Environmental and Water Resource Management (IEWRM) along with UTM, proposed a 

water recycling scheme aimed to minimize the FW consumption for the SIM. They proposed a 

retrofitted network design, showed on Figure 34, Appendix B. IEWRM proposed the idea of reusing 

treated ablution water and rainwater for the entire mosque except for kitchen services. The ablution 

water or rainwater need to be filtered for solid particles such as hair, stones and dirt before going 

through a series of treatments using activated carbon and micro filtration processes. This treatment 

process is done to ensure that the water recycled to the distribution tank was of acceptable purity for 

uses which involve bodily contact. 

The amount of ablution water reclaimed and rainwater collected were limited to the existing quantity 

on the distribution tank. The treated ablution water could only be sent to the last distribution tank. 

Since the water output of the four tanks is approximately of 29.07 ton/day, only 7.27 ton/day of treated 
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water can be fed into the last distribution tank. This last flowrate represents the limiting point or 

bottleneck of this system.  

During the rainy season, rainwater was collected instead and the spent ablution water diverted to the 

sewer. This design allowed an estimated freshwater savings of up to 25% with a payback period for 

investment of about 10 years [31].  

Setting MWT for SIM proposed using the WCA technique 

For this case study, the biological oxygen demand (BOD) was the most significant water quality factor 

chosen for water quality analysis for water reuse. The faecal coliform was not selected as the quality 

factor since regeneration was proposed to enable the greywater to reuse safely [31]. 

The regeneration in the Mosque consists of three main steps: in first place, greywater is filtered for 

particles, next is passed through activated carbon to remove unpleasant odours and then chlorine or UV 

is used to disinfect the greywater for storage purposes. Table 50 and 51 (in Appendix B) summarize the 

water demands and sources for this case study [101]. There are eight water demands and six water 

sources. Water sources are those available for possible recycling while water demands reflect the actual 

requirements for several water-using processes. The “black water” from the toilet flushing and toilet 

pipes was not used as a water source since is highly contaminated, while water from irrigation is 

assumed to be completely absorbed by the soil. Since the area where UTM is located has high 

precipitation, with an annual rainfall of 2027.2 mm (data from 1997) [102], rainwater will be harvested 

and used as one of the water sources [31]. 

The data of the water demands in Table 50, Appendix B was adapted from USEPA standards of water 

reuse [103] and the data for water sources in Table 51, Appendix B was based on the data by [104], 

[105]. Once, CSBE conduced quality tests on ablution greywater collected from the King Abdullah 

Mosque, it was assumed that the wash basin greywater and ablution greywater had similar quality (23 

ppm). The BOD for rainwater was used as a guideline [31].  

The SIM case study was considered as a batch process since all the water-using activities occur in 

discrete time periods. However in the targeting stage, it was possible to use WCA technique [25] 

developed specially to continuous processes, to establish minimum freshwater consumption and 

wastewater generation targets. The availability of the storage and the fixed patterns of water utilization 

allowed modelling SIM case study as a repeated batch process which approaches to a continuous 

system [31].  

Water targeting using WCA: methodology and results of the case study 

Initially was done a total building review to have a good understanding of the initial water plumbing and 

sanitation of the building. Next, was conducted a data acquisition and extraction through surveying the 

water flowrate and contaminant concentration at the source and at the discharge. With this data it 
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could be obtained a process flow diagram of the initial water network. Then WCA was built to achieve 

the true MWT network. Finally, a new water network was designed before the economic analysis is 

carried out to show the total savings of the new water network [31]. 

The first step in the WCA was to set up the interval water balance table (Table 52, Appendix B) to 

determine the net water source or water demand at each purity level. In the first column are 

represented the contaminant concentration levels (C) arranged in ascending order. Each concentration 

level is expressed in terms of water purity (P) in the second column. With the concentration of pure 

water set at 1 million ppm, the fraction of pure water in a contaminated stream (or water purity) can be 

expressed as: 

  
           

         
                                                                                                                                                 

where C is the contaminant concentration in ppm [19]. 

The number of purity intervals (n) equals the number of water demands (ND) and the number of water 

sources (NS) plus any duplicate purity (NDP): 

                                                                                                                                          

The application of Equation 9 in this case study yields 6 purity levels. The water purity difference (ΔP) in 

column 3 of Table 52, Appendix B is calculated as the difference between the purity level at intervals k 

and k+1, as follows: 

                                                                                                                                                    

Columns 4 and 5 (still in Table 52, Appendix B) contain the total flow rates for the water demands 

        and water sources         at their corresponding purity levels. The flowrate of water demands 

are fixed as negative and the water sources as positive. These flowrates are summed up at each purity 

level to give the net interval water flowrate,                       , (+) represents the net water 

source and (-) the net water demand (column 7). 

The next step in WCA was to establish the FW and WW targets for the process. Here is important to 

consider both water flowrate balance and water purity so that the true minimum water targets can be 

obtained.  

The WCT, represented on Table 53, Appendix B, gave a feasible water cascade with the true minimum 

FW and WW flowrate targets of 15.67 ton/day and 22.93 ton/day respectively. The table also showed a 

new pinch purity at P=0.999977, where there was zero cumulative pure water surplus. Note that the 

pinch-causing stream(s) which exists at this purity level is the water source          with a total flowrate 

of 25.71 ton/day. This stream originated from two water sources: the ablution (S2) and wash basin (S3) 

(Table 51, Appendix B). In order to realise the pinch point and to achieve the MWR objective, a portion 
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of the pinch-causing source stream had to be allocated to a process above the pinch, while the rest to a 

process below the pinch during the network design. Referring to the cumulative net water source (FC) 

column of Table 53, Appendix B, out of 25.17 ton/day water source from ablution and wash basin, 7.8 

ton/day of water (found between P2 and P3) must be sent to the region below the pinch (negative sign 

indicates sending water across driving force). On the other hand, 17.37 ton/day of water (found 

between P3 and P4) must be sent to the region below the pinch [31]. 

Water regeneration using WCA 

Table 53, Appendix B shows the pinch concentration for SIM located at 23 ppm. One possible option of 

regenerating the water source is to treat the ablution water to a concentration above the pinch. Ahn et 

al. [106] proposed treating domestic wastewater using micro filtration to reduce contaminant 

concentration of BOD from 59 ppm to 4.2 ppm and also other contaminant concentrations (Table 54, 

Appendix B) suitable for reuse. The amount of ablution to be treated depends on the cost of the 

treatment equipment. It must be established an analysis of the relationship between the cost of the 

treatment equipment and the flowrate, in order to know the amount of water to be treated within the 

payback period. 

The total amount of ablution water to be treated using micro filtration was set to 7.27 ton/day based on 

the IEWRM case study. Table 55, Appendix B from the WCT shows the new pinch purity at 0.999977 (23 

ppm) and FW and WW flow rates reduced to 4.22 ton/day and 11.89 ton/day respectively. The network 

design by El-Halwagi [28] confirmed these targets.  

Comparison of results from IEWRM and WCA analysis 

The system proposed by IEWRM predicted FW savings of 25% and WW reductions of 19.8%. The system 

suggested by the water pinch method a prediction of 65.1% of FW savings and 51.5% of WW reduction 

without regeneration and 85.5% of FW and 67.7% of WW reduction with regeneration. 

With regeneration, both IEWRM and water pinch methods used micro filtration treatment hence the 

payback period will be almost the same except for the additional piping system. However, the water 

pinch method gave much better freshwater savings. 

In the worst case scenario, if there is no rainwater due to a drought season and the rainwater is omitted 

as a source, and the same calculation is done using WCA table with partial regeneration of ablution 

water, a potential FW saving of 63.9% and WW reduction of 72.5% are targeted. This is still better than 

the system proposed by IEWRM. 

The main difference between the two methods is that while WPA can target the minimum freshwater 

flows before design, the IEWRM method needs to design the system first before knowing the total FW 

and WW savings.  
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WPA enables to efficiently and systematically plan the water savings for buildings, and above all to 

identify inferior design options a priori. 

So WCA technique was successfully implemented to assist the retrofit of a water network at Sultan 

Ismail Mosque at UTM [31], [101]. 
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3. Domestic Water Case Study 

The objective of this case is to study the larger number of ways to recycle water in a real building 

carrying out field measurements and realizing how each one affects the consumption of the building. It 

was not always possible to perform the intended measurements and thereby obtain reliable values, but 

all cases where this happened are properly substantiated, as well as the estimates, considerations and 

approximations made. 

3.1. Characterization of the System 

The system to be study on the present Dissertation is a building in Massamá, Sintra with ten floors and 3 

apartments per floor, comprising a system of 30 residences. 

To reduce the water consumption in this building, all water counters will be read for one week, in order 

to have a real perspective of how much water is spent in the building. In parallel, measurements will be 

made in one apartment, to determine specific consumes of typical actions such as showering, wash 

hands, number of flushes, between others.  

With these values will be possible to draw three types of user profiles and after that identify ways to 

reduce their consumption through behavioural measures and installation of water saving equipment. 

After that, will be study the possibility of using rainwater and/or greywater for low water quality 

demands. 

3.2. Data Collection, Validation and Treatment  

With the objective of capturing real water consumptions within the building, it was intended to conduct 

a semi-structured interview among the residents, to determine number of persons by flat, level of 

satisfaction and perception of water costs and if rainwater harvesting systems were a technology 

familiar to them. Unfortunately, it was not possible to collect a satisfactory amount of interviews for 

several reasons, among which:  

 Lack of openness to answer any type of questions;  

 Didn’t open the door at all; 

 Lack of knowledge in rainwater harvesting (due to people age or lower social class). 

Since the necessary data was not possible to collect through interviews, it was requested to all the 

inhabitants the authorization for reading the water meters (located outside the flats) for all apartments.  
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3.2.1. Data Collection 

The data collection was conducted in two different ways: i) reading water counters and ii) doing specific 

measurements in one apartment. 

i. Reading water counters 

In order to make a water profile for each apartment, previously knowing the number of persons per flat 

it was estimated the daily and weekly consumptions per habitant. The data was collected for a period of 

7 days. A sample of the reading table used for collecting data is represented in Table 9. The whole table 

is in Appendix C, Table 56. 

Table 9 - Example of the table used for collecting data 

Correspondence 
code 

Persons per 
flat 

Day 1 (m
3
) Day 2 (m

3
) Δ(2-1) 

(m
3
) 

CF 
(m

3
/week/flat)  

CP 
(m

3
/person/day) 

1 2 1182.262 1182.762 0.5 3.15 0.22 
2 3 152.65 153.1 0.45 2.31 0.11 
3 4 60.089 60.904 0.815 3.56 0.13 

ii. Doing specific measurements in one apartment 

These type of measurements were made in order to know how much time in average, and consequently 

how much water, typical actions consume. These specific types of measurements included: determining 

water flows of the existing equipment (taps, toilet flushes, washing and dish machines) and measuring 

water behaviours (type of actions and durations) through sets of 10 measurements for each action. 

To determine the water flows of each equipment, several measures were made: 

 On taps 

To determine the water flow of each tap, it was used a 1 litre recipient and was measured how long 

each tap led to fill that container.  

It should be mentioned that none of the faucets has been changed since the acquisition of the house, 

which made the measured flows very high. A table was made with the obtained values (Table 10). 

Table 10 – Time measurements to fill one litre recipient for each apartment’s tap (flowrates are calculated based on the 
measurements) 

Wash basin taps (max flow = 8 l/min) Shower taps (max flow = 15 l/min) Kitchen taps (max flow = 10 l/min) 

Opening 
angle 

Duration 
(sec) 

Flow rate 
(litres/h) 

Opening 
angle 

Duration 
(sec) 

Flow rate 
(litres/h) 

Opening 
angle 

Duration 
(sec) 

Flow rate 
(litres/h) 

Min 21 171.43 Min 9 400 Min 17 211.76 
Med 13 276.92 Med 6.5 553.85 Med 10 360 
Max 7.5 480 Max 4 900 Max 6 600 

 

Note: Bidet faucets do not enter on the table, since they have the same flow of the wash basin taps, 

which would be a repetition of values. 
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 On toilet flushes 

The toilet cistern tanks are all the same since the building was built in 1994. The tank volume was 

previously 18 litres but was already reduced to 13 litres, reducing the water level of the cistern and 

inserting a 1.5 litre bottle inside. Therefore, for further calculation, the volume considered to the cistern 

will be 13 litres.  

 Washing and dish machines 

For the domestic washing and dish machines, the used values were the values presented on the 

manuals. They are showed on Table 11.  

Table 11 - Washing machine and dishwasher values [107], [108] 

Feature Washing Machine Dishwasher 

Tank size 7 kg of clothes 8 kg of dishes 
Water Consumption 56 litres 17 litres 

Power 1.19 kWh 1.05 kWh 
Energy Efficiency A+ A 

 

After measuring the flows of the equipments, a set of typical actions was chosen and 10 measurements 

were performed for each one of them. Between those measurements are: wash hands, wash teeth, 

shower, wash a dish by hand, fill the kettle, wash hands in the kitchen and other kitchen uses. A sample 

of the table (Table 12) is presented below. The entire tables are presented in Appendix C (Tables 57, 58 

and 59). 

Table 12 - Example of a behavioural measuring table (same for shower and kitchen taps) 

Wash Basin Measurement nº1 Measurement nº2 ... 

Action Duration 
(sec) 

Opening 
angle 

Spent water 
(l) 

Duration 
(sec) 

Opening 
angle 

Spent water 
(l) 

... 

Wash hands (L) 8.17 Med 0.628 17 Med 1.308 ... 
Wash teeth (L) 38 Min 1.810 17 Min 0.810 ... 

 

3.2.2. Daily Consumption Prediction with Bottom-Up Strategy 

After gathering all the individual measurements it was conducted a daily prediction of the water 

consumption based on a bottom up strategy for one apartment with 4 persons, during one weekend. 

There are some differences between the consumption during the week and during the weekend, but 

was the only time where was possible to monitor all the activities throughout the day.  

The results are shown in Table 13, where: Freq- action frequency, Cons- Water consumption of each 

action, ConsT – Total water consumption of each action, ConsP – Water consumption of each action per 

person, ConsDP – Average daily consumption per person for each action. 
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Table 13 – Results of the prediction 

 Day 1 Day 2 Average  

Action Freq Cons 
(l) 

ConsT 
(l) 

ConsP (l/ 
person) 

Freq Cons 
(l) 

ConsT 
(l) 

ConsP (l/ 
person) 

ConsDP 
(l/person) 

Sharing (%) 

Toilet flush 15 13 195 48.8 14 13 182 45.5 47.1 30% 
Wash hands 17 0.6 10.2 2.6 20 0.6 12 3 2.8 2% 

Shower 3 95 285 71.3 4 95 380 95 83.1 54% 
Other bathroom 

uses 
6 1 6 1.5 10 1 10 2.5 2 1% 

Kitchen 2 0.8 1,6 0.4 12 0.8 9.6 2.4 1.4 1% 
Dishwasher 1 17 17 4.3 1 17 17 4.3 4.3 3% 

Washing machine 1 56 56 14 1 56 56 14 14 9% 

TOTAL   570.8 142.7   666.6 166.7 154.75 100% 

 

Figure 19 a) and b) shows the percentages of each predicted action, measured during two days (day 1 

and 2) and c) the average values: 

 

 

Figure 19 - Water breakdown: a) for Day 1, b) for Day 2 and c) Average Values of data prediction 

 

3.2.3. Daily Consumption with Top-Down Strategy 

Regarding the measurements made in the counters of each apartment, these were organized by the 

number of people per household, as Table 14 shows, in order to try to understand if there was any 

pattern related to the quantity of water consumed. 

Observing the average consumptions by aggregate number, it appears that the average consumption 

does not increase with the number of people per household. This may happen due to the fact that the 

sample (only 24 of the 30 apartments are occupied) is not significant and the number of persons per 

apartment is irregular (2 households with 1 person don’t present the same data consistency as 7 

apartments with 2 persons for example).  
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Table 14 - Distribution of weekly consumption per flat 

Flat 
Number 

Persons 
per flat 

Consumption 
(m3/week/person) 

Average Consumption (m3 
/week/person) 

Average Consumption 
(l/day/person)  

Typology (nr. 
Rooms) 

24 1 0.88 0.92 131.4 2 

25 0.96 2 

1 2 0.77 0.56 80.4 2 

4 0.03 2 

5 0.95 3 

12 0.33 2 

17 0.76 3 

21 0.49 2 

30 0.61 2 

2 3 0.77 0.72 102.6 3 

6 0.66 2 

7 0.82 2 

9 0.36 2 

18 0.97 2 

3 4 0.89 0.63 90.3 2 

8 0.54 3 

10 0.79 2 

11 0.63 3 

13 0.38 2 

15 0.63 2 

20 0.47 3 

29 0.73 3 

14 5 0.91 0.91 130 3 

 

Concerning to the typology of the apartments, there are two types: T2 (apartments with 2 bedrooms) 

and T3 (apartments with 3 bedrooms) along with living rooms and 2 bathrooms each.  

After relating consumptions with typology (3
rd

 and 5
th

 columns of Table 14), it was observed that 

through the typology is also not possible to correlate the consumption with the number of inhabitants, 

as Figure 20 shows.  

 

Figure 20 - Building consumptions organized per typology (T2 – 2 bedrooms; T3 – 3 bedrooms) 

3.2.4. Strategy Comparison 

In the Bottom-Up Prediction Strategy where two days were chosen to measure all the water using 

actions, the values obtained “inside” the house were similar to the ones read on the counter during 

those days (giving an average consumption of 155 litres/day/person). Is possible to observe that the 

sharing percentage of each action does not differ significantly in almost every uses, from the typical 

percentages previously shown on literature (see Figure 14 b). There are two main actions whose values 

differ: the showers (with a forecasted value of 54% while Portuguese typical values point to 32%) and 
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water taps (which in the case study included “wash hands” and “other bathroom” and in the typical 

values are concentrated in a single percentage).  

Regarding to the Top-Down Strategy, observing the average weekly consumptions per person, is 

possible to conclude that there is a deviation from the values obtained by the previous strategy. For the 

same case of a household of 4 persons, the value obtained through this strategy is 90 litres/day/person. 

This discrepancy may be explained by:  

 The consumption habits of each household are quite different (there are households where 

each person consumes 890 litres/week while in others only consume 380 litres; 

 At this situation, values are being estimate, from other average values, which includes a large 

uncertainty on the final ones; 

 The two days that were chosen to make the predictions of the Bottom-Up strategy were the 

weekend, period which typically people spend more time at home and therefore more water is 

consumed, making the comparison between strategies, not valid. 

 

3.3. Water Reduction through actions for each User Profiles  

Three User Profiles were designed (Profile 1 – High Consumer, Profile 2 – Average Consumer, Profile 3 – 

“Eco” Consumer) in order to simulate different ways to reduce their consumptions and estimate water 

savings.  

Each Profile represents a household of 4 persons, with the same consumption patterns. To each Profile, 

was associated: i) a set of behavioural measures and ii) a set of suggestions to proceed with the 

installation of water saving equipment (previously described in the Chapter 2.6.3) in order to reduce 

their consumptions and calculate savings.  

For the calculations associated to each profile, will be used the same topics studied on Section 2.6.2  

(Topic 1 for behavioural changes and Topic 2 for installation of water-saving equipment) and categories 

(A – Toilet flushes, B – Bathroom taps, C - Showers, D - Kitchen taps; and E - Dishwashers and Laundry).  

Some assumptions were made to perform next calculations: 

 The water price was estimated to be 2.77€/m
3
. This lumped value was calculated, summing all 

water bills from one apartment during one year and dividing it by the amount of water 

consumed (in m
3
) in the same period; 

 As simplification, the majority of the specific consumptions, like the amount of water spent by 

washing hands for example, were assumed to be the same in all households, with some 

exceptions that will be highlighted; 
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 The water saving percentages assumed for the calculations, were taken from Águas do Algarve 

[109]; 

 A year is assumed as a period of 330 days, considering that families go on vacations and spend 

weekends off; 

 As simplification, it is going to be considered that all households have the same type of 

equipment (taps, toilet flushes and machines). 

The measures chosen to be applied to each profile, do not follow any specific rule; from the enumerated 

measures, were chosen the ones that theoretically would bring the greatest potential savings. To 

proceed with the choice without any “collision” in the savings (i.e., measures that would focus on the 

same action and consequently translate savings higher than the real ones), were built two incidence 

matrixes: one for the behavioural measures and other for the equipment installation, to serve this 

purpose (Figure 21). 

 

Figure 21 - Incidence Matrixes: (a) for the Behavioural Measures, (b) for the equipment installation 

Just as an exemplification, in matrix (a), following the matrix rules, measure A1 and A2 cannot be 

implemented simultaneously.  

3.3.1. Profile 1: High Consumer  

This Profile describes the habits of a household that has no special care with water savings since there 

are 2 early-age children, which makes the water consumes rise significantly.  

Table 15 shows the actions (Column 1), number of times an action happens per day (Column 2) and how 

much water each action consumes (Column 3). It is also made an estimation of the total household 

consumption per day (Column 4) as well as the daily consumption per person (Column 5).  
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Table 15 - Typical daily water profile of a high consumption household 

Action Times/day Consumption/action 
(l) 

Daily Consumption 
(l/day/flat) 

Daily Consumption 
(l/day/person) 

Toilet flush 19 13 247 61.75 
Wash hands 24 0.6 14.4 3.6 

Baths 1 230 230 57.5 
Shower 3 95 285 71.25 

Other bathroom uses 10 1 10 2.5 
Kitchen 13 0.8 10.4 2.6 

Dishwasher 1 22 22 5.5 
Washing machine 1 73 73 18.25 

Total 891.8 222.95 

i) Suggested behavioural measures 

After the Profile was designed, a set of measures were selected and adapted to this specific type of 

Profile. Table 16 shows the selected actions, the current consumption where the action could have 

effects (Column 2), the new consumption after the implementation (Column 3), the water savings 

percentage (Column 4), the litres saved per day and per flat (Column 5), the litres saved per year and per 

flat (Column 6), the litres saved per year and per person (Column 7) as well as the amount of money 

saved per year at the household (Column 8). 

Table 16 - Suggested behavioural measures for Profile 1 

Measure Actual 
Consumption 

(l) 

New 
Consumption (l) 

Savings 
(%) 

SavingsD 

(l/d/flat) 

SavingsY 

(l/yr/flat) 
SavingsP 

(l/yr/p) 
Savings€ 

(€/yr/flat) 

1.A3 247 221 11% 26 8580 2145 23.8 
1.B1 10 7 30% 3 990 247.5 2.7 
1.B3 14.4 10.08 30% 4.3 1425.6 356.4 3.9 
1.C1 230 95 59% 135 44550 11137.5 123.4 
1.D3 10.4 8.3 20% 2.1 686.4 171.6 1.9 

1.E1 (WM) 73 56 23% 17 5610 1402.5 15.5 
1.E1 (DW) 22 17 23% 5 1650 412.5 4.6 

 

The values obtained in the previous table (Table 16) are as it follows:  

Measure 1.A3:  “Avoid unnecessary discharges...” - Consider 2 flushes per day superfluous 

Actual Consumption = 19 x 13 litres = 247 litres/day 

Measure: 2 flushes = 2 x 13L = 26 litres 

New Consumption = 247 – 26 = 221 litres/day;   Savings = 11%  

 Measure 1. B1: “Close tap while brushing teeth” – Consider less 30% per wash 

Actual Consumption= 10 x 1 litre = 10 litres/day 

Measure: 0.3 x 10 = 3 litres  

New Consumption = 10 – 3 = 7 litres/day;   Savings = 30% 

 Measure 1. B3: “When washing hands, close tap while soaping” – Consider less 30% per wash 

Actual Consumption = 24 x 0.6 litres = 14.4 litres/day 

Measure: 0.3 x 14.4 = 4.32 litres 

New Consumption = 14.4 – 4.32 = 10.08 litres/day;   Savings = 30% 
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 Measure 1.C1: “Prefer shower to immersion bath” – Substitute bath by shower 

Actual Consumption = 230 litres/bath (1 bath/day occurs) 

Measure: 1 shower = 95 litres 

New Consumption = 95 litres/day;     Savings = 59% 

 Measure 1.D3: “Use as little water as possible to cook food...” – Consider less 20% per use 

Actual Consumption = 13 x 0.8 = 10.4 litres/day 

Measure: 0.2 x 10.4 = 2.1 

New Consumption = 10.4 – 2.1 = 8.3 litres/day;   Savings = 20% 

 Measure 1.E1: “Use “eco” programs, that lead to a lower water consumption” 

Actual Consumption (WM) = 73 litres/wash;  Actual Consumption (DW) = 22 litres/wash 

Measure: Eco program (WM) = New Consumption = 56 litres/wash;   Savings= 23% 

   Eco program (DW) = New Consumption (DW) = 17 litres/wash; Savings= 23% 

 

With the proposed actions, is possible to conclude that if this household started to follow these 

behavioural measures today, in a year from now could save 35% of water, which means annual savings 

around 200€ (Table 17).   

Table 17 - Conclusions of the suggested behavioural measures for Profile 1 

Actual 
Consumption 

(l/yr) 

New 
Consumption 

(l/yr) 

Water savings 
(%) 

€ actually 
paying/yr 

€ could be 
paying/yr 

Savings (€/yr) 

200,244 131,142 35% 554.7 363.3 191.4 

ii) Suggested water saving equipments 

The same way that was suggested a set of behavioural actions a set of water saving devices was also 

suggested, in order to reduce the water bill at the end of the year, as suggested in Table 18: 

Table 18 - Suggested water equipments for Profile 1 

Measure Actual 
Consumption 

(l) 

New 
Consumption 

(l) 

Savings 
(%) 

SavingsD 

(l/day/flat) 

SavingsY 

(l/year/flat) 
SavingsP 

(l/year/person) 
Savings€ 

(€/year/flat) 
Investment 

(€) 

2.A2 247 75 70% 172 56760 14190 157.2 70 
2.B1 24.4 12.2 50% 12.2 4026 1006.5 11.2 180 
2.C1 285 133 53% 152.01 50163.3 12,540.825 139 45 
2.D1 10.4 6.5 38% 3.9 1287 321.75 3.6 30 
2.E1 

(WM) 
73 56 23% 17 5610 1402.5 15.5 650 

2.E1 
(DW) 

22 17 23% 5 1650 412.5 4.6 780 

 

The values obtained in the previous table (Table 18) can be explained as it follows:  
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 Measure 2.A2:  “...2 flush cycle toilets with 6:3 litres discharges” - Consider acquisition of 2  

equipments; also that 6 flushes correspond to faeces and 13 to urine 

Investment = 2 x 35€ = 70€ 

Actual Consumption = 19 x 13 litres = 247 litres/day 

Measure = New Consumption = 6 x 6 litres + 13 x 3 litres = 75 litres/day; Savings = 70%  

 Measure 2.B1: “Acquire taps that use less than 4 litres/min” – Consider acquisition of 4 

equipments; actual water flow is 8l/min 

Investment = 4 x 45€ = 180€ 

Actual Consumption = 14.4 + 10 = 24.4 litres/day (wash hands + other bathroom uses) 

Measure: 0.5 x 24.4 = 12.2 litres/day 

New Consumption = 12.2 litres/day;     Savings = 50% 

 Measure 2.C1: “...consider to buy one that consumes less than 7 litres/min” – Consider 

acquisition of 2 equipments; actual water flow is 15l/min 

Investment = 2 x 22.5€ = 45€ 

Actual Consumption = 3 showers x (6.33 min/shower x 15l/min) = 3 x 95l = 285 litres/day 

Measure = New Consumption = 3 showers x (6.33 min/shower x 7l/min) = 133 litres/day;  

Savings = 53% 

 Measure 2.D1: “Acquire taps that use less than 6 litres/min” –Acquisition of 1 tap;  actual water 

flow is 10l/min 

Investment = 30€ 

Actual Consumption/use = 0.8litres = 
          

           
                

Actual Consumption = 13 x 0.8 litres = 10.4 litres/day 

New Consumption/use =       
        

      
            

Measure = New Consumption = 13 x 0.5 litres = 6.5 litres/day;   Savings = 38% 

 Measure 2.E1: “Acquire equipments with washing cycles adjustable to your daily routines”  

Investment (WM) = 650€  

Investment (DW) = 780€ 

Note: This measure can only be considered if the measure 1.E1 of the behavioural measures was not 

considered. These two measures are going to be considered as mutually exclusive in this case.  

With the values calculated previously, is possible to conclude that if this household profile acquires the 

suggested set of equipment today, in a year from now: considering the acquisition of new washing 

machine and dishwasher, would have water savings of 55%, with equipment investment of 1755€ with a 

payback period of 5.3 years. But, in the case of already having equipment that already have “eco” 
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programs or simply do not want to consider such large investment, in a year from now could have water 

savings of 60% (not considering WM and DW consumptions, which would lower the savings), with 

equipment investment of 325€ and a payback time of only 1.05 years.  

Table 19 - Conclusions of the suggested water equipments for Profile 1 

 Actual 
Consumption 

(l/year) 

New 
Consumption 

(l/year) 

Water 
savings 

(%) 

€ water 
actually 

paying/year 

€ water 
could be 

paying/year 

Savings 
(€/year) 

Total 
investment 

(€) 

Payback 
(years) 

With 2.E1 218,394 98,897 55% 604.9 273.95 331 1755 5.30 
No 2.E1 187,044 74,807.7 60% 518.1 207.22 310.9 325 1.05 

3.3.2. Profile 2: Average Consumer 

The Profile 2: Average Consumer is the one that describes a household where the inhabitants have some 

care with savings and have also children. Despite consuming 30% less water than the first Profile, they 

are still people with high water consumptions.  

Table 20 shows the actions (Column 1), number of time an action happens per day (Column 2) and how 

much water each action consumes (Column 3). It is also made an estimation of the total household 

consumption per day (Column 4) as well as the daily consumption per person (Column 5).  

Table 20 - Typical daily water profile of an Average Consumption Household 

Action Times/day Consumption/action 
(l) 

Daily Consumption 
(l/day/flat) 

Daily Consumption 
(l/day/person) 

Toilet flush 12 13 156 39 
Wash hands 20 0.6 12 3 

Baths 0 250 0 0 
Shower 4 95 380 95 

Other bathroom uses 13 1 13 3.25 
Kitchen 6 0.8 4.8 1.2 

Dishwasher 0.5 17 8.5 2.13 
Washing machine 1 56 56 14 

Total 630.3 157.58 

i) Suggested behavioural measures 

After the profile was designed, a set of measures was selected, adapted to this specific type of profile 

and resumed on Table 21. The table shows the actual consumption associated to the action the measure 

affects (Column 2), the new consumption that the action will have if the measure is implemented 

(Column 3), the savings percentage (Column 4), the litres saved per day and per flat (Column 5), the 

litres saved per year and per flat (Column 6), the litres saved per year and person (Column 7) and 

amount of money saved per year at the household (Column 8). 

Table 21 - Suggested behavioural measures for Profile 2 

Measure Actual 
Consumption 

(l) 

New 
Consumption 

(l) 

Savings (%) SavingsD 

(l/d/flat) 

SavingsY 

(l/y/flat) 
SavingsP 

(l/y/p) 
Savings€ 

(€/year/flat) 

1.A2 156 72 54% 84 27720 6930 76.78 
1.B1 8 5.6 30% 2,4 792 198 2.19 
1.B3 14.4 10.08 30% 4.32 1425.6 356.4 3.95 
1.C3 380 300 21% 80 26400 6600 73.13 
1.C4 380 320 16% 60 19800 4950 54.85 
1.D3 4.8 3.84 20% 0.96 316.8 79.2 0.88 
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The values obtained in the previous table (Table 21) can be explained:  

 Measure 1.A2:  “Adjust minimum discharge volume (if possible) lowering the float” - Consider 

adjusting to 6 litres/flush 

Actual Consumption = 12 x 13 litres = 156 litres/day 

Measure: less 7 litres/flush: 12 x 7 litres = 84 litres  

New Consumption = 156 – 84 = 72 litres/day;   Savings = 54%  

 Measure 1.B1:  “Close tap while brushing teeth” – Consider less 30% per wash 

Actual Consumption = 8 x 1 litre = 8 litres/day 

Measure: 0.3 x 8 = 2.4 litres 

New Consumption = 8–2.4 = 5.6 litres/day;    Savings = 30%  

 Measure 1.B3:  “When washing hands, close tap while soaping” – Consider less 30% per wash 

Actual Consumption = 20 x 0.6 litres = 14.4 litres/day 

Measure: 0.3 x 14.4 = 4.32 litres 

New Consumption = 14.4 – 4.32 = 10.08 litres/day;   Savings = 30%  

 Measure 1.C3:  “Prefer short showers (...) doesn’t exceed 5 to 7 minutes” - Consider 5 min 

showers (water flow = 15 litres/min) 

Actual Consumption = 4 x 95 litres = 380 litres/day 

Measure = New Consumption = 4 x (5 min x 15 l/min) = 4 x 75 litres = 300 litres/day;  Savings = 21%  

 Measure 1.C4:  “Close shower while soaping...” – Consider 1 less minute/shower 

Actual Consumption = 4 x 95 litres = 380 litres/day 

Measure = New Consumption = 4 x (95 – 15 litres) = 4 x 80 litres = 320 litres/day;  Savings = 16%  

 Measure 1.D3:  “Use as little water as possible to cook food...” – Consider less 20% per use 

Actual Consumption = 6 x 0.8 litres = 4.8 litres/day 

Measure: 0.2 x 4.8 = 0.96 litres 

New Consumption = 4.8 – 0.96 = 3.84 litres/day;   Savings = 20%  

 

With the measures calculated on Table 21, is possible to conclude that if this household started to 

follow these behavioural measures today, in a year from now could save 25% of water, which could be 

translated in money savings superior to 210€ (Table 22).  

Table 22 - Conclusions of the suggested behavioural measures for Profile 2 

Actual 
Consumption 

(l/yr) 

New 
Consumption 

(l/yr) 

Water savings 
(%) 

€ actually 
paying/yr 

€ could be 
paying/yr 

Savings (€/yr) 

311,256 234,801.6 25% 826.18 650.40 211.78 
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ii) Suggested water saving equipments 

The same way that was suggested a set of behavioural actions a set of water saving devices was also 

suggested, in order to reduce the water bill at the end of the year, as suggested in Table 23: 

Table 23 - Suggested water equipments for Profile 2 

Measure Actual 
Consumption (l) 

New 
Consumption (l) 

Savings 
(%) 

SavingsD 

(l/d/flat) 

SavingsY 

(l/yr/flat) 
SavingsP 

(l/yr/p) 
Savings€ 

(€/yr/flat) 
Investment 

(€) 

2.A1 156 54% 72 84 27,720 6930 76.78 50 
2.B2 25 30% 17.5 7.5 2475 618.75 6.86 32 
2.C3 380 30% 266 114 37,620 9405 104.21 22 
2.D2 4.8 30% 3.36 1.44 475.2 118.8 1.32 14 

 

The values obtained in the previous table (Table 23) can be explained as it follows:  

 Measure 2.A1: “Purchase a toilet flush with maximum discharge of 6 litres” - Consider 

acquisition of 2  equipments;  

Investment = 2 x 25€ = 50€ 

Actual Consumption = 12 x 13 litres = 156 litres/day 

Measure = New Consumption = 12 x 6 litres = 72 litres/day; Savings = 54%  

 Measure 2.B2: “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

4  equipments; savings of 30% 

Investment = 4 x 8€ = 32€ 

Actual Consumption = 12 + 13 = 25 litres/day (wash hands + other bathroom uses) 

Measure = 0.3 x 25 = 7.5 litres/day 

 New Consumption = 25 – 7.5 = 17.5 litres/day; Savings = 30%  

 Measure 2.C3:  “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

2  equipments; savings of 30% 

Investment = 2 x 11€ = 22 € 

Actual Consumption = 4 x 95 litres = 380 litres/day 

Measure = 0.3 x 380 = 114 litres/day  

New Consumption = 380 – 114 = 266 litres/day; Savings = 30%  

 Measure 2.D2:  “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

1 tap; savings of 30% 

Investment = 14€ 

Actual Consumption = 4.8 litres/day 

Measure = 0.3 x 4.8 = 1.44 litres/day 

New Consumption = 4.8 – 1.44 = 3.36 litres/day; Savings = 30%  
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With the values calculated previously, is possible to conclude that if this household acquire the 

suggested equipments today, in a year from now, would have water savings of 37%, with equipment 

investment of 118€ with a payback period of 0.62 years. Table 24 shows the information. 

Table 24 - Conclusions of the suggested water equipments for Profile 2 

Actual 
Consumption 

(l/yr) 

New 
Consumption 

(l/yr) 

Water 
savings 

(%) 

€ water 
actually 

paying/yr 

€ water 
could be 
paying/yr 

Savings 
(€/yr) 

Total 
investment 

(€) 

Payback 
(yrs) 

186,714 118,423.8 37% 517.2 328.03 189.2 118 0.62 

3.3.3. Profile 3: “Eco” Consumer 

This last profile describes a household were the inhabitants clearly have more care with the water use 

and most probably no longer have small children at home. This profile consumes almost 60% less water 

than the first one. 

Table 25 shows the actions (Column 1), number of time an action happens per day (Column 2) and how 

much water each action consumes (Column 3). It is also made an estimation of the total household 

consumption per day (Column 4) as well as the daily consumption per person (Column 5).  

Table 25 - Typical daily water profile of an “Eco” Consumption Household 

Action Times/day Consumption/action 
(l) 

Daily Consumption 
(l/d/flat) 

Daily Consumption 
(l/d/p) 

Toilet flush 10 13 130 32.5 
Wash hands 12 0.6 7.2 1.8 

Baths 0 250 0 0 
Shower 4 47.5 (less time) 190 47.5 

Other bathroom uses 8 1 8 2 
Kitchen 6 0.8 4.8 1.2 

Dishwasher 0.5 17 8.5 2.1 
Washing machine 0.5 56 28 7 

Total 376.5 94.1 

i) Suggested behavioural measures 

Since the consumption associated with this profile is already more than half below the average - in 

Sintra is 205 litres/day [110], it is assumed that behavioural measures already are being considered. 

ii) Suggested water saving equipments 

Although it was not suggested behavioural measures, a set of water saving devices could be suggested, 

in order to reduce the water bill at the end of the year, as shown in Table 26: 

Table 26 - Suggested water equipments for Profile 3 

Measure Actual 
Consumption 

(l) 

New 
Consumption 

(l) 

Savings 
(%) 

SavingsD 

(l/d/flat) 

SavingsY 

(l/yr/flat) 
SavingsP 

(l/yr/p) 
Savings€ 

(€/yr/flat) 
Investment 

(€) 

2.A1 130 60 54% 70 23,100 5775 63.99 50 
2.B2 15.2 10.6 30% 4.6 1504.8 376.2 4.17 32 
2.C3 190.8 133.6 30% 57.2 18,889.2 4722.3 52.32 22 
2.D2 4.8 3.4 30% 1.4 475.2 118.8 118.8 14 
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The values obtained in the previous table (Table 26) can be explained as it follows:  

 Measure 2.A1: “Purchase a toilet flush with maximum discharge of 6 litres” - Consider 

acquisition of 2  equipments;  

Investment = 2 x 25€ = 50€ 

Actual Consumption = 10 x 13 litres = 130 litres/day 

Measure = New Consumption = 10 x 6 litres = 60 litres/day; Savings = 54%  

 Measure 2.B2: “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

4  equipments; savings of 30% 

Investment = 4 x 8€ = 32€ 

Actual Consumption = 7.2 + 8 = 15.2 litres/day (wash hands + other bathroom uses) 

Measure = 0.3 x 15.2 = 4.6 litres/day 

 New Consumption = 15.2 – 4.6 = 10.6 litres/day; Savings = 30%  

 Measure 2.C3:  “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

2  equipments; savings of 30% 

Investment = 2 x 11€ = 22 € 

Actual Consumption = 4 x 47.5 litres = 190.8 litres/day 

Measure = 0.3 x 190.8 = 57.2 litres/day  

New Consumption = 190.8 – 57.2 = 133.6 litres/day; Savings = 30%  

 Measure 2.D2:  “Install flow reducers/aerators/economizers on taps...” - Consider acquisition of 

1 tap; savings of 30% 

Investment = 14€ 

Actual Consumption = 4.8 litres/day 

Measure = 0.3 x 4.8 = 1.4 litres/day 

New Consumption = 4.8 – 1.4 = 3.4 litres/day; Savings = 30%  

With the values calculated previously, is possible to conclude that if this household acquire the 

suggested equipments today, in a year from now, would have water savings of 39%, with equipment 

investment of 118€ (because the same suggestions were made as the ones suggested for Average user) 

with a payback period of 0.97 years. Table 27 shows the information. 

Table 27 - Conclusions of the suggested water equipments for Profile 3 

Actual 
Consumption 

(l/yr) 

New 
Consumption 

(l/yr) 

Water 
savings 

(%) 

€ water 
actually 

paying/yr 

€ water 
could be 
paying/yr 

Savings 
(€/yr) 

Total 
investment 

(€) 

Payback 
(yrs) 

112,464 68,494.8 39% 311.53 189.7 121.8 118 0.97 
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3.3.4. Conclusions 

Based on the calculations carried out to each profile, is possible to conclude that, related to behavioural 

suggestions, the set of measures implemented on Profile 2 shows slightly higher savings than the set of 

measures implemented on Profile 1. Despite both save similar amount of water, they represent 

different amounts of savings: 25% of savings in Profile 2 are translated into 76.45 m
3
 while 35% of 

savings in Profile 1 are translated into 69.1 m
3
. These conclusions are shown also in Table 28. 

Table 28 – Savings associated to behavioural measures 

Savings P1 P2 P3 

m3/year/flat 69.1 76.45 - 
€/year/flat 191.4 213 - 

% 35% 25% - 

 

Related to equipment suggestions, as already said before, is studied the possibility of acquiring a 

dishwasher and a wash machine, for the case of the already owned machines do not have “eco” cycles.  

The possibility of acquiring that equipment, produces water savings of 7000 litres/year/flat, which can 

be translated into 20€ on the water bill at the end of the year. The saving’s dimension is small, when 

considering that the associated investment has a payback of 5.3 years. Nevertheless, the savings of 

these two cases cannot be compared with each other, once the one that does not include the purchase 

of the equipment, does not include either the water consumptions associated to these machines. 

The suggested measures to Profiles 2 and 3 have, in percentage, very close savings values (37% on 

Profile 2 and 39% on Profile 3) but they reflect very different water savings: 37% savings on Profile 2 are 

translated in more than 68 m
3
 of saving water, while 39% of savings on Profile 3, are translated in 

almost 44 m
3
 (a difference superior to 24 m

3
). By coincidence, both suggestions have an investment of 

118€ and similar payback periods, inferior to a year (Table 29). 

Table 29 – Savings associated to equipment installation measures 

Savings P1 P2 P3 
with measure 2.E1 without measure 2.E1 

m3/year/flat 119.5 112.24 68.29 43.97 
€/year/flat 331.01 310.89 189.16 121.79 

% 55% 60% 37% 39% 
Payback (years) 5.3 1.05 0.62 0.97 
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3.4. Rainwater usage 

The rainwater usage could be a complement to the actions introduced in the previous section for 

reducing freshwater consumption and consequently saving money on the annual water bill. In this 

section is analyzed the possibility of installing a rainwater harvesting system in the building to satisfy the 

non-potable water needs.  

3.4.1. Building Features 

Massamá is a Portuguese parish, located in the municipality of Sintra and a suburb of Lisbon. The annual 

precipitation in Massamá is 825 mm, being November-February the wettest period of the year (average 

monthly precipitation >100 mm) and June-September the driest period (average monthly precipitation < 

13 mm). Since is a region located near the sea, the average temperature is 15.3ºC [110]. 

As already referred at the beginning of the chapter, the building under study is a multi-storey building 

with 10 floors and 3 apartments per floor. The building was constructed in 1994 and since then, it has 

not suffered any type of refurbishment. The roof area of the building is approximately 419 m
2
.  

The main features of the building are resumed and represented in the Table 30 and a view of the 

building ceiling is shown in Figure 22. 

Table 30 - Building main features 

Variable Multi-storey building 

Rooftop catchment area 419 m2 
Run-off coefficient 0.9 

Number of residents 68 
Number of flats 31 (but only 24 are going to be considered) 

 

 
Figure 22 - Location of the area in study (source: Google Maps) 

 

3.4.2. Tank Dimensioning 

For the tank design, was selected as calculation method, the Practical German Method, once it is a 

relatively simple method and yet, is possible to obtain quite realistic values. This is an empirical method, 

according to which the value assumed for the reservoir volume is the minimum between: 6% of the 

annual volume of water consumed or 6% of the annual volume of usable precipitation. 



60 

                           

Where: 

Vtank – Calculate tank volume (l); 

Vu – Usable volume of annual precipitation (l); 

Ce – Annual consumption of non-potable water (l); 

i. Precipitation data 

To calculate the annual volume of usable rainfall, monthly rainfall series were collected, from a period of 

9 years (01-01-2003 to 01-09-2012) of SNIRH (Serviço Nacional de Informação de Recursos Hídricos), 

which belongs to INAG (Instituto da Água). Then, the average annual rainfall for each year was 

calculated, as shown by Table 31: 

Table 31 - Average Annual Precipitation (mm): São Julião do Tojal, from 2003 to 2011 [75] 

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 Average 

Precipitation 
(mm) 

764.5 428.9 455.7 1068.6 393.53 638.2 388.9 634.4 719 610.19 

 

ii. Diverted Volume on first flush 

According to literature [69], the diverted volume of water should be calculated according to time criteria 

or based on the caption area, with a pre-established precipitation height that could range from 0.5 to 

8.5 mm, according with local conditions. In case of data absence or lack of studies about the local 

conditions, the first flush volume should be 2 mm of precipitation or less when justified.  Due to lack of 

information, it was chosen to divert 2 mm (Table 32). 

          

Table 32 - Diverted Volume on First Flush 

First Flush Volume (FFV) (mm) Caption Area (A) (m2) Diverted Volume (VD) (litres) 

2 mm of precipitation 419 837.5 

 

iii. Usable volume of precipitation (Vu) 

To calculate the usable volume of precipitation (Vu), some values were taken from literature, based on 

the morphology of the building (Table 33). [69] 

             
 
 

Table 33 - Usable Volume of precipitation, Vu 

Runoff 
Coefficient (C) 

Average Annual 
Precipitation (mm) 

Caption Area 
(m2) 

Hydraulic filter 
efficiency (ηf) 

Usable Volume of precipitation 
(Vu) (m3) 

0.8 610.19 418.75 0.9 184 
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iv. Annual consumption of non-potable water (Ce) 

To this particular case, the non-potable water demands to be considered are: water for toilet flushing 

(WC) and water for laundry (WM). The water for irrigation is not going to be considered, despite being 

the most common use for this type of water, once the building has no garden, so external water 

demands are not going to be considered in this case.   

Note: For calculation effects of the present Section, will be considered the consumptions early predicted 

on Section 3.2.2 as the average consumption values of the building, to estimate the average non-

potable water needs of the building.  

So, considering WC and WM as the only two water demands (sinks) that can use non-potable water: 

Water for Toilet flushing (WC) 

To provide each flat with rainwater for toilet flushing (WC), is necessary an extensive pipe network. The 

average water consumption in the building will be defined as 154.675  155 litres/person, of which 47 

litres correspond to WC (30% of the total needs); 

Water for laundry (WM)  

To provide rainwater for laundry (WM) is necessary another extra pipe network. Also, considering that 

each flat has a washing machine is estimated that for a family of 4, the washing machine works once a 

day. The share of the water for laundry is 9% of the total water needs of an individual, which 

corresponds to 14 litres per day (Table 34). 

The calculations of the annual non-potable needs of the building were made considering that:  

- The daily consumptions of each person of the building are the average values considered on 

Section 3.2.2 “Daily Consumption Prediction with Bottom-Up Strategy”; 

- To estimate the building consumptions, the average consumptions/person will be multiplied by 

the number of habitants of the building (68 persons); 

- The number of days per year is 330 (excluding vacations); 

Table 34 - Non-potable water consumptions/person 

Water 
Demand 

Daily Consumption 
(litres/person) 

Daily Consumption 
(litres/building) 

Annual Consumption 
(m3/building) 

% 

WC 47.1 3204.5 1057.5 30.5 
WM 14 952 314.2 9 

WC + WM 61.1 4156.5 1371.7 39.5 
Total 154.7 10,517.9 3470.9 = Ce 100 

 
Applying the Practical German Method for Tank Dimensioning:                           , is 

possible to conclude that whatever the water needs of the building, the size of the tank will not be 

greater. Table 35 has an overview of all the data. 
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Table 35 - Application of the Practical German Method to obtain Tank Volume 

Usable Volume of Annual 
Precipitation, Vu (litres) 

Annual Consumption of Non-
potable water, Ce (litres) 

Tank Volume, Vtank  
(litres) 

Ratio Ce/Vu 

183,972 3,470.907 11,038  11 m3 18.87 

 

Once the water needs are too high in the building compared with the rain that can be harvested (almost 

19 times higher), the non-potable water consumptions were estimated by levels: 1) until the 3
rd

 floor, 2) 

until the 5
th

 floor, 3) until the 7
th

 floor and 4) entire building.  

The consumptions were estimated knowing the number of persons per apartment (and consequently 

per level) presented on Table 36. This data was obtained summing the number of persons per 

household and from the water counter reading table (Table 56, Appendix C). 

1) Until the 3
rd

 floor: 26 persons; 

2) Until the 5
th

 floor: 49 persons; 

3) Until the 7
th

 floor: 60 persons; 

4) Entire building: 68 persons. 

Table 36 - Estimated non-potable consumptions of the building per level 

BUILDING Up to 3rd floor (m3) Up to 5th floor (m3) Up to 7th floor (m3) Entire building (m3) 

Consumption Day Month Year Day Month Year Day Month Year Day Month Year 
WC 1.23 36.76 404 2.31 69.27 762 2.83 84.83 933 3.20 96.14 1,058 
WM 0.36 10.92 120 0.69 20.58 988 0.84 25.20 277 0.95 28.56 314 

WC + WM 1.59 47.68 524 3 89.86 988 3.67 110.03 1,210 4.16 124.70 1,372 

 

The ratio between the non-potable consumptions/year/level (Ce) and the rainwater harvested per year 

(Vu) were calculated in order to understand what is the percentage satisfied by the rainwater.  

By the Table 37 is possible to conclude that only the laundry consumptions until the third floor are 

totally satisfied and the only viable option is to supply the building with rainwater until the third floor. 

Supplying rainwater to satisfy the laundry needs of the entire building could also be considered, but the 

cost associated to the pipes and pump would rise exponentially. 

Table 37 - Ratio (Ce/Vu) 

Ce/Vu 3rd floor 5th floor 7th floor Entire building 

WC 46% 24% 20% 17% 
WM 153% 81% 66% 59% 

WC + WM 35% 19% 15% 13% 

 

Therefore, considering a daily profile of a typical month like April 2012, with average precipitation, some 

calculations were made, taking into account as a feasible scenario, supplying the building with rainwater 

until the 3
rd

 floor and for each day of the month was calculated, in Table 38: 

 Amount of rain harvested – Daily Precipitation, in litres – multiplying the daily precipitation by 

the catchment area; 
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 The differential between the daily consumption of WC+WM (Table 36, 2
nd

 row) and the rain 

harvested that day – Differentialwc+wm, in litres; 

 The differential between the daily consumption of WC (Table 36, 2
nd

 row) and the rain 

harvested that day – Differentialwc, in litres; 

 The differential between the daily consumption of WM (Table 36, 2
nd

 row) and the rain 

harvested that day – Differentialwm, in litres; 

From the table analysis is possible to conclude that: 

 The rainwater is enough to supply all the non-potable water needs of the combined 

consumption of WC+WM (only in 8 days) or to all WC consumptions (only 11 days in the 

month); 

 Related to WM consumptions, the needs are satisfied all days except one; 

The water surplus collected on those days, although is not sufficient to meet the non-potable needs of 

the next day, allows reducing freshwater consumption. In that month, was possible to save 16.83 m
3
 of 

freshwater. 

Table 38 - Monthly Rainwater Profile (April 2012, Mira-Sintra) vs. water consumption until 3rd floor 

Day Precipitation (mm) Daily Precipitation (l) Differentialwc+wm  
(1589 litres/day) 

Differentialwc 
 (1225 litres/day) 

Differentialwm  
 (364 litres/day) 

1 4.3 1800.63 211.63 575.63 1436.63 
2 1 418.75 -958.63 -230.63 1491.38 
3 0 0 -1589 -1225 1127.38 
4 0 0 -1589 -1225 763.38 

5 0 0 -1589 -1225 399.38 
6 6 2512.5 923.5 1287.5 2547.88 
7 0 0 -665.5 62.5 2183.88 
8 0 0 -1589 -1162.5 1819.88 
9 0 0 -1589 -1225 1455.88 

10 0 0 -1589 -1225 1091.88 

11 0 0 -1589 -1225 727.88 
12 1 418.75 -1170.25 -806.25 782.63 

13 1 418.75 -1170.25 -806.25 837.38 
14 4 1675. 86 450 2148.38 

15 2 837.5 -665.5 62.5 2621.88 
16 0 0 -1589 -1162.5 2257.88 

17 0 0 -1589 -1225 1893.88 
18 1 418.75 -1170.25 -806.25 1948.63 
19 0 0 -1589 -1225 1584.63 
20 0 0 -1589 -1225 1220.63 
21 0 0 -1589 -1225 856.63 
22 0 0 -1589 -1225 492.63 
23 0 0 -1589 -1225 128.63 
24 0 0 -1589 -1225 -235.375 
25 10.6 4438.75 2849.75 3213.75 4074.75 
26 4 1675 2935.75 3663.75 5385.75 
27 1 418.75 1765.5 2857.5 5440.5 
28 3.3 1381.88 1558.38 3014.38 6458.38 
29 1 418.75 388.13 2208.13 6513.13 
30 0 0 -1200.88 983.13 6149.13 

Total of rainwater saved  = 16833.75 litres 
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3.4.3. Economic Evaluation  

An economic evaluation will be performed, in order to get an estimate of how much could be save by 

installing a rainwater harvesting system in a building with the same conditions as this one. It should be 

noted that, a venture of this scale could never be done on an existing building since the installation of 

the necessary infrastructures makes the project infeasible in a building with the size of the one in study. 

Despite the tank dimensioning was calculated by the Practical German Method, from which was 

obtained the estimated tank volume of 11 m
3
, this value was not taking into account, once the non-

potable water needs of the building are so high, that there is not enough accumulation of water to 

justify such a large tank. For that reason and considering the previously study monthly profile (shown on 

Table 38), it was considered that the maximum value for the tank would be 5 m
3
, some more than the 

necessary to accumulate the water forecasted on the profile described on Section 3.4.2 (while for the 

case of considering only the laundry needs a larger tank is necessary, this case was discarded, once the 

amount of water to supply is so small, compared to the infrastructure and investment needed). 

Considering that the water supply would meet WC and WM needs (until the 3
rd

 floor), the enterprise 

Hidroinova – Soluções para Tratamento de Águas Lda, that supplies solutions for water treatment 

provided the information and data to perform this analysis [111]. Based on the provided catalogs with 

equipment prices and all the information needed the system cost was carried out, in order to obtain a 

more realistic economic evaluation. The consulted tables provided by the supplier are shown in Figure 

35, Appendix D. 

With the supplier’s help, it was chosen: 

 A buried horizontal tank which already included the inlet access, the air vent and runoff pipes, 

the pump connection and lifting flaps. (When consulting the available tank dimensions it was 

verified that do not exist 5 m
3
 tanks (only 4.5 and 6 m

3
). The two alternatives will be 

presented); 

 A submersible pump with lifting pipes, isolation valve and retention DN50 and disassembly 

joints; 

 Water feeding tube to the tank DN50 (including pipes, bends); 

 Filter (for leaf and solids retention); 

 Man labour; 

 Excavation (total tank volume + 20% around); 

 Landfill (20% around + 15% land pressing); 

 Remove waste with vehicle to a landfill or other location; 

 Regularization of the floor. 
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Concerning to water savings, as a simplification are going to be considered the savings obtained through 

the profile of Table 38, as the average savings for every month (once the considered month is April, 

which is not one of the rainiest months of the year), is possible to save 16.83 m
3
/month, which can be 

rounded into 50€/month. The payback of the investment is 12.8 years. The calculations are showed 

below.   

               
 

     
       

  

     
     

 

          

All calculations can be seen on Table 60, presented in Appendix C. Once the two tank sizes were 

considered, is possible to conclude, through Table 39:  

Table 39 - Conclusions of the economic evaluation of RWHS 

Tank Size (m3) Total investment (€) Water savings (€/month) Payback time (yrs) 

4.5 7,153.13 
46.6 

12.8 
6 7,806 14 

 

With this economic evaluation is possible to conclude, that besides the payback of the investment (for 

both tank sizes) is relatively acceptable taking into account the dimension of the system, is not viable to 

this building, once it was only going to fulfil (and not on entirely) the needs of three of the ten floors.  

It also can be conclude that, to a building already built, this type of installation is not viable due to the 

excavations and drillings that are necessary to do, which can in the limit due to the size of the work, 

affect the foundations of the building. 

3.5. Greywater Reuse  

Finally, as an alternative to the Rainwater Harvesting System (RWHS), was considered the acquisition of 

a Greywater Recycling System (GWRS) to supply the non-potable water needs of the building (already 

calculated and showed on Table 34).  The daily consumption values by the two categories (WC and 

Wash Machine, WM) that could receive greywater instead of freshwater are again shown on Table 40 

(and excerpt of Table 34). 

Table 40 - Non-potable water needs (excerpt of Table 34) 

Water Demand  Daily Consumption (litres/building) 

WC  3204.5 
WM  952 

WC + WM  4156.5 

 

The water sources (presented on Table 41) to be considered as greywater are the ones provided by the 

activities that produce the least polluted streams of the building, which include: showers (N1), wash 

basin (N3) and laundry (N5). Through the analysis of Tables 40 and 41, was possible to conclude shower 

water is more than enough to fulfil the non-potable water needs of the entire building (and is the 

cleaner one too). 
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Table 41 – Water needs of the building  

Stream Appliance Flow 
(m3/day) 

Flow 
(l/h) 

BODOUT 

N1 Shower 5.65 133.52 424 
N2 Toilet Flush 3.21 7.86 2000 
N3 Wash basin 0.19 235.52 205 
N4 Kitchen 0.095 5.67 699 
N5 Laundry 0.95 3.97 462 
N6 Dishwasher 0.29 39.67 699 

3.5.1. Tank Dimensioning 

After the identification of the stream that is going to be reused, a water scheme was designed, in order 

to understand the amount of water diverted to each need, and consequently the tank size to be 

acquired.  

Once the water from showers, is produced every day at about the same amount, the chosen tank does 

not predict water accumulation and the chosen size was 5 m
3
. The scheme is represented below, on 

Figure 23. 

In this Dissertation the GW Treatment Processes will not be studied, since they would require a very 

high level of detail, in terms of reactions formed inside the tank, as well as the proper study of all the 

necessary treatment stages, going beyond the scope of this Dissertation. 

 

Figure 23 - Scheme of the greywater distribution 

3.5.2. Economic Analysis 

The same supplier [111] consulted to the Rainwater Harvesting System, also provided information and 

assistance to perform the economic analysis of this kind of system (Appendix D, Figure 36), since its 

portfolio also exists contemplates Greywater Recycling Systems. 

Once the installation of this tank also requires the same cares necessary to the installation of the 

rainwater harvesting tank, they will not be listed here. They will be presented on Table 61 in Appendix C.  

Note: The supplier gave more emphasis to the rainwater system and forgot to supply the treatment 

costs of this type of solution. They will be estimated as 20% of the total investment. 
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Considering that the WC and laundry needs of the entire building are totally fulfilled with this kind of 

supply, is possible to save about 124.7m
3
 per month of freshwater, which totals 345.4€/month 

(represented on Table 42). 

Table 42 - Non-potable water needs (excerpt of Table 36) 

 

 

 

               
 

    
       

  

     
     

 

           

All calculations can be seen on Table 61, presented in Appendix C. To this system is possible to conclude, 

through Table 43:  

Table 43 - Conclusions of the economic evaluation of GWRS 

Tank Size (m3) Total investment (€) Water savings (€/month) Payback time (yrs) 

5 31,309.5 124.7 20.9 

 

Taking into account that a simple Greywater Recycling System can cost at least 4 times more than a 

Rainwater Harvesting System, is was easily predictable that the payback of this investment would be 

considerably higher than the previous one. So, it is possible to conclude with this economic evaluation 

that a payback period of 20 years is very high for a multi-storey building, making it unattractive to its 

inhabitants, even with potentially high water savings associated. It can also be concluded that, this type 

of installation is also unviable for an already built building with the dimensions of this one. 

  

Entire building (m3) 
Consumption Day Month Year 

WC 3.20 96.14 1,057.49 
WM 0.95 28.56 314.16 

WC + WM 4.16 124.70 1,371.65 
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4. Conclusions and Future Work 

This document reports the work developed to obtain the Master in Industrial Engineering and 

Management. In this work it was possible to show both theoretical and practical concepts and tools 

related to the theme of domestic water consumption and minimization.  

Although several papers were found about methodologies used to reduce the freshwater consumption 

in industrial applications, namely using the pinch approach, a few number was found with systematic 

methodologies for minimisation of the domestic water consumption. 

The main focus of this work was the exploration of the case study based on data from a real residential 

building. It was possible to quantify the water consumption in each apartment using two different 

strategies (bottom-up and top-down). It was not possible to determine a consumption pattern, which 

shows that the consumption of the inhabitants of a given area can be very different depending on their 

cultural behaviour and age. Based on the collected data three consumption profiles were identified and 

characterized. 

Regarding to the water consumption reduction, two lines could be pointed out: i) actions (almost free) 

based on the changing inhabitants behaviour; ii) actions that require some equipment 

acquisition/modification to achieve a better performance of the installed one. 

Regarding the study of different usage profiles, it was found that, by just changing behaviours, in a 

savings perspective, it is possible to obtain savings of about 30% on the water bill. Concerning to the 

installation of efficient equipment, it was found that it is not necessary to make large investments to 

achieve very significant savings, often in the order of 50%, with associated paybacks ranging from one 

year (or less) and five years. 

At this stage, the two types of savings were not crossed, since in some cases, there is some difficulty in 

separate consumption (and savings as well) associated with a behaviour and with an equipment.  

Finally, two alternative water sources, capable of partially or fully meet the non-potable needs of the 

building were studied: Rainwater and Greywater. 

For a building with the size of the studied one (which has many inhabitants for a rain catchment area 

relatively small), and with high non-potable needs, a Rainwater Harvesting System is not viable. Through 

the calculations made, it was concluded that only three storeys could be supplied with rainwater, and 

still be met only 35% of the non-potable needs of those storeys. The payback of the investment would 

be about 13 years. 

Regarding to the Greywater Recycling System, it was also concluded that it is not viable either, although 

it satisfies the non-potable needs of the whole building, once the payback period is too high – 20 years - 
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and the logistics involved on the installation of this kind of system is too complex. It would be also 

interesting to develop some future work to understand which factors influence the viability of this type 

of system. 

As a future work, it would be interesting to study what are the necessary conditions to make this kind of 

system viable, for a project of an efficient building. 
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6. Appendix 

Appendix A: Semiconductor Plant Case Study 

 

Figure 24 - MySem de-ionized (DI) plant process flow diagram) [40] 

 

 

Figure 25 - Domestic and non-process water uses for MySem [40] 

Table 44 - Limiting Water data from MySem [40] 
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Table 45 - Base-case maximum water recovery targets for MySem (without process changes) [40] 

 

Table 46 - Amount of IWT and domestic wastewater not used and used for integration manually [40] 

 

Table 47 - Various process changes options applicable for MySem [40] 
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Table 48 - Various effects of EDI options on water targets [40] 

 

Table 49 - Effects of abatement options on water targets [2] 

 

 

Figure 26 - Final CEWMN targets after SHARPS analysis [40] 
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Figure 27 - IAS plot after eliminating the regeneration curve [40] 

 

Figure 28 - IAS plot for MWN retrofit [40] 

 

 

Figure 29 - F opt for cooling tower concave curve moving upwards (without peak) [40] 
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Figure 30 - Final IAS plot after SHARPS analysis [40] 

 

 

Figure 31 - Final CEMWN targets after SHARPS analysis [40] 
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Appendix B: Sultan Ismail Mosque Case Study  

 

Figure 32 - Breakdown of water utilization for SIM [30] 

 

Figure 33 - Water distribution network for the Sultan Ismail Mosque [30] 

 

Figure 34 - Retrofitted water network for the SIM by IWERM [30] 

 

 



82 

 

Table 51 - Summary of water demands for SIM [30] 

 

Table 52 - Interval water balance table for SIM [30] 

 

 

 

 

 

 

Table 55 - 
WCT for 
process 

involving 
partial 

regenerati
on of 

Table 50 - Summary of water sources for SIM [30] 

Table 53 - Water Cascade Table for the Sultan Ismail Mosque case study [30] 

Table 54 - Water quality of influent and effluent [67] 
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ablution water [30] 
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Appendix C: Case Study 

Table 56 - Reading counter table 

Apartment 
Correspo
ndence 

Persons/apart
ment 

Day 1 
(m3) 

Day 2 
(m3) 

Δ1 
Day 3 
(m3) 

Δ2 
Day 4 
(m3) 

Δ3 
Day 5 
(m3) 

Δ4 
Day 6 
(m3) 

Δ5 
Day 7 
(m3) 

Weekly Consumpt / 
apartment 

(m3/apartment) 

Weekly Consumpt 
/ person 

(m3/week/person) 

Daily Comsumpt / 
person 

(m3/day/person) 

1ºE 1 2 1182.262 1182.762 0.5 1183.261 0.499 1184.04 0.779 1184.88 0.84 1185.69 0.53 1186.218 3.15 1.57 0.22 

1ºD 2 3 152.65 153.1 0.45 153.45 0.35 154.08 0.63 154.73 0.65 155.34 0.23 155.57 2.31 0.77 0.11 

1ºF 3 4 60.089 60.904 0.815 61.711 0.807 61.85 0.139 61.91 0.06 62.003 1.74 63.745 3.56 0.89 0.13 

2ºE 4 2 72.817 72.829 0.012 72.841 0.012 72.85 0.009 72.867 0.017 72.88 0.02 72.896 0.07 0.03 0.00 

2ºD 5 2 2159.99 2160.205 0.215 2160.42 0.215 2160.44 0.02 2160.5 0.06 2160.5 1.39 2161.89 1.90 0.95 0.14 

2ºF 6 3 668.678 668.88 0.202 669.071 0.191 669.99 0.919 670.9 0.91 671.813 0.44 672.25 2.66 0.66 0.09 

3ºE 7 3 1143.011 1143.4 0.389 1143.85 0.45 1144.44 0.59 1145.06 0.62 1145.626 0.41 1146.034 2.46 0.82 0.12 

3ºD 8 4 1090.909 1091.26 0.351 1091.598 0.338 1092.46 0.862 1092.74 0.28 1093.943 0.34 1094.285 2.17 0.54 0.08 

3ºF 9 3 1764.388 1764.541 0.153 1764.687 0.146 1765 0.313 1765.21 0.21 1765.464 0.27 1765.735 1.09 0.36 0.05 

4ºE 10 4 150.464 150.997 0.533 151.53 0.533 152.2 0.67 152.89 0.69 153.54 0.72 154.26 3.15 0.79 0.11 

4ºD 11 4 474.691 475.09 0.399 475.47 0.38 476,01 0,54 476,7 0,69 477,284 0,50 477,786 2,51 0,63 0,09 

4ºF 12 2 303.434 303.58 0.146 303.712 0.132 303.9 0.188 304.06 0.16 304.234 0.03 304.268 0.66 0.33 0.05 

5ºE 13 4 216.763 217.231 0.468 217.699 0.468 218.3 0.601 219.2 0.9 219.943 -0.90 219.039 1.53 0.38 0.05 

5ºD 14 5 1455.815 1456.6 0.785 1457.299 0.699 1458.322 1.023 1459.34 1.018 1460.365 1.00 1461.37 4.53 0.91 0.13 

5ºF 15 4 978.675 979.1 0.425 979.507 0.407 980.1 0.593 980.8 0.7 981.295 0.39 981.685 2.51 0.63 0.09 

6ºE 16 
          

630.03 
     

6ºD 17 2 1518.125 1518.406 0.281 1518.686 0.28 1519.25 0.564 1519.84 0.59 1520.367 0.54 1520.908 2.26 0.76 0.11 

6ºF 18 3 946.258 946.599 0.341 947.016 0.417 947.71 0.694 948.303 0.593 948.947 0.88 949.825 2.92 0.97 0.14 

7ºE 19 
          

66.07 
     

7ºD 20 4 1126.386 1126.71 0.324 1127.025 0.315 1127.51 0.485 1127.98 0.47 1128.471 0.27 1128.745 1.87 0.47 0.07 

7ºF 21 2 301.961 302.13 0.169 302.294 0.164 302.517 0.223 302.75 0.233 302.93 0.19 303.125 0.98 0.49 0.07 

8ºE 22 
                

8ºD 23 
                

8ºF 24 1 1613.84 1614 0.16 1614.161 0.161 1614.34 0.179 1614.53 0.19 1614.693 0.18 1614.878 0.88 0.88 0.13 

9ºE 25 1 1017.492 1017.66 0.168 1017.83 0.17 1018.06 0.23 1018.31 0.25 1018.471 0.14 1018.614 0.96 0.96 0.14 

9ºD 26 
                

9ºF 27 
                

10ºE 28 
                

10ºD 29 4 1201.85 1202.41 0.56 1202.968 0.558 1203.53 0.562 1204.1 0.57 1204.65 0.6670 1205.317 2.92 0.73 0.10 

10ºF 30 2 52.84 53.11 0.27 53.38 0.27 53.62 0.24 53.854 0.234 54.09 0.20 54.292 1.22 0.61 0.09 

11º 31 
                

Condominiu
m 

32 - 299.381 299.381 
 

299.381 
 

299.381 
 

299.381 
 

299.381 
  

0.00 
  

DAILY BUILDING 
CONSUMPTION (m3)    

8.116 
 

7.962 
 

11.053 
 

10.935 
 

10.20 
 

48.27 
 

0.100 
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Table 57 - Specific Consumption - Wash Basin 

Wash 
Basin 

Measurement 
1 

Measurement 
2 

Measurement 
3 

Measurement 4 Measurement 
5 

Measurement 
6 

Measurement 7 Measurement 
8 

Measurement 9 Measurement 10 

Action Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow 

Wash 
hands 
(sec) 

8.17 MED 17 MED 8.6 MED 7.5 MED 11 MIN 7 MED 9 MED 6 MED 7.5 MED 6 MED 

Spent 
water (l) 

0.628 1.308 0.662 0.557 0.524 0.538 0.692 0.462 0.577 0.462 

Wash 
teeth 

38 MIN 17 MIN 14 MIN 10 MIN 20 MED 17 MED 13 MIN 18 MIN 27 MIN 6 MED 

Spent 
water (l) 

1.81 0.81 0.667 0.476 0.952 0.81 0.619 0.857 1.286 0.286 

  
Table 58 - Specific consumptions - Shower 

Shower Measurement 1 
Measurement 

2 
Measurement 

3 
Measurement 

4 
Measurement 

5 
Measurement 

6 
Measurement 

7 
Measurement 

8 
Measurement 

9 
Measurement 

10 

Action Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow Time Flow 

Shower 6 MAX 5.5 MAX 15 MAX 7.333 MAX 5.75 MAX 8.383 MAX 14 MAX 5 MAX 8.75 MAX 9 MAX 

Spent water (l) 90 82.5 225 109.995 86.25 125.745 210 75 131.25 135 

 
Table 59 - Specific Consumption - Kitchen 

Shower Measurement 1 Measurement 2 Measurement 3 Measurement 4 Measurement 5 Measurement 6 Measurement 7 Measurement 8 Measurement 9 Measurement 10 

Action Time Flow Time Flow Time Flow Time Flow Time Flow Action Time Flow Time Flow Time Flow Time Flow Time 

Washes - 1.2L 37 MED 17.8 MED 15 MED 10 MED 6.4 MAX 4 MAX 7 MAX 9.6 MED 10.3 MIN 

Spent water (l) 1.2 3.7 1.78 1.5 1 1.067 0.667 1.167 0.96 0.606 

Fill kettle - 0.8L - 0.5 L - 1L - 1L - 0.8L - 0.5L - 1L - 0.5L - 0.7L - 0.5L 

Fill jar 10 MED 
 

1L 
 

1L 
 

1L 
 

1L 
 

1L 
 

1L 
 

1L 
 

1L 
 

1L 

Wash hands 5 MED 10 MED 7 MED 8 MED 5 MED 6.5 MED 6 MED 9 MIN 8 MED 10 MIN 

Spent water (l) 0.5 1 1.4 0.8 0.5 0.65 0.6 0.9 0.8 1 
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Table 60 - Economic Analysis of Rainwater Harvesting System 

Item Price/unit (€) Additional Considerations 
Total Cost (€) 

4.5 m
3
 Tank 6 m

3
 Tank 

Buried Tank 
2400 4.5 m

3
 

2400  2825  
2825 6 m

3 

Submersible pump 

1000 n/a 1000 1000 
Lifting pipes 

Sectioning valve 

Disassembly joint 

Reservoir supply line 20€/m
2
 3 m/floor + underground = 4 floors 240 240 

Retaining filter leaves 
and solids 

750€ n/a 750 750 

Man labour 50€/hr 5 days, 8 hr/day 2000 2000 

Excavations 35 €/m
3
 

(tank 4.5m
3
 + 20%) = 4.5 + 0.9= 5.4 m

3
 

189 255.5 
(tank 6m

3
 + 20%) = 4.5 + 0.9= 5.4 m

3
 

Landfill 30 €/m
3
 

(4.5 m
3
 + 20% around + 15% pressing land) = 

4.5+0.9+0.675= 6.075 m
3
 

182.25 243 
(6 m

3
 + 20% around + 15% pressing land) = 

6+1.2+0.9 = 8.1 m
3
 

Remove excess dirt to 
landfill 

25 €/m
3
 

6.075 m
3
 

151.88 202.5 
8.1 m

3
 

Regularization of 
floor 

100 €/m
2
 

D = 1.6 m + 20% = 2.4m
2
 

240 290 
D = 1.74m + 20% = 2.9m

2
 

Total 7 113.13 7 806 

Water Savings (€/month) 46.6 

Payback (months) 153.5 167.5 

Payback (years) 12.8 14 
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Table 61 - Economic Analysis of Greywater Recycling System 

Item Price/unit (€) Additional Considerations Total Cost (€) 

Buried Tank n/a 5 m
3
 20,800 

Submersible pump 

1000 
 

n/a 1000 
Lifting pipes 

Sectioning valve 

Disassembly joint 

Reservoir supply line 20 €/m 3 m/floor + underground = 12 floors 720 

Retaining filter hair and solids 750 n/a 750 

Man labour 50 €/hr
 

5 days, 8 hr/day 2000 

Excavations 35 €/m
3
 (tank+ 20%) = 5+1=6m

3 
210 

Landfill 30 €/m
3
 

(5 m
3
 + 20% around + 15% pressing land) = 

5+1+0.75 = 6.75 m
3
 

202.5 

Remove excess dirt to landfill 25 €/m
3
 6.75 m

3
 168.75 

Regularization of floor 100 €/m2 D = 1.6 m + 20% = 2.4m
2
 240 

Treatment System n/a 
Don’t have values. Estimate in 20% total 

investment 
5,218.25 

Total 31,309.5 

Water Savings (€/month) 124.7 

Payback (months) 251 

Payback (years) 20.9 
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Appendix D: Figures and Tables from Suppliers (REF) 

  

Figure 35- Supplier specifications and prices of rainwater tanks 

 

Figure 36 - Supplier specifications and prices of greywater tanks 


