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Resumo 

O aumento da produção industrial destinado a suprir as necessidades de uma população de 7 mil 

milhões, tem contribuido para a escassez dos recursos naturais resultado da exploração insustentável. 

O crescimento global da poluição como consequência da maior variedade de produtos produzidos bem 

como o aumento das relações entre indústrias, tem provocado um desequilíbrio do triângulo de 

industrialização sustentável entre as dimensões económicas, ambientais e tecnológicas, que têm sido 

reflectidos nas pressões colocadas sobre os recursos hídricos. 

As crescentes preocupações com a conservação dos recursos naturais, tem motivado os governos a 

mudarem da estratégia de controlo de poluição end-of-pipe para políticas de incentivo à otimização do 

consumo de água. Isto levou a regulamentos mais rigorosos de descarga de efluentes, levando ao 

aumento das tarifas de captação de água e dos custos unitários para o tratamento dos efluentes. 

As indústrias requerem quantidades significativas de água para realizar as suas operações. Desta 

forma, a integração de processos constitui uma estratégia chave para combater a pressão existente 

nos recursos hídricos, minimizando os efluentes gerados e melhorando a eficiência no consumo de 

forma a tornar as indústrias mais competitivas. 

Vários autores têm estudado o problema do consumo eficiente de água industrial e apresentaram 

algumas estratégias para a sua gestão o que tem sido amplamente estudado na revisão bibliográfica. 

Do nosso conhecimento, a maioria destas metodologias não têm sido implementadas em softwares 

prontamente disponíveis para a academia e utilizadores industriais. 

O status e a complexidade de resolver tal problema, proporcionam a oportunidade e motivação para 

desenvolver ferramentas de software para gerir as redes industriais de água contaminada. Nesta tese, 

foram desenvolvidos dois softwares para os processos químicos de operação contínua, baseando nas 

metodologias de análise do ponto de estrangulamento, para lidar com único e múltiplos contaminantes. 

Os softwares desenvolvidos, implementam a gestão da rede de água com estratégia de reutilização, 

apresentando resultados através da visualização da rede de água permitindo verificação de fluxos 

anormalas ou quantidades de contaminantes. Ambas as ferramentas de software foram testadas 

utilizando casos industriais da literatura, tendo obtido bons resultados. Especificamente, os testes da 

ferramenta para múltiplos contaminantes foram direcionados para a indústria petrolífera devido às 

elevadas taxas de consumo de água. 

 

Palavras-Chave: Integração de Processos Industriais, Gestão de Redes de Água, Ferramentas de 

Software, Múltiplos Contaminantes, Análise do Ponto de Estrangulamento  
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Abstract 

The growth of industrial production aimed at supplying the needs of a population of 7 billion, has 

contributed to the scarcity of natural resources as a result of unsustainable exploitation. The growth of 

global pollution is a consequence of the manufacture of a greater variety of products as well as the 

increase of relations between industries. This has caused major imbalances between the economic, 

environmental and technological dimensions of the sustainable industrialization triangle, which are 

reflected by the pressures placed on the hydric resources. 

Growing concerns on the conservation of natural resources, has motivated the governments to shift 

from the end-of-pipe pollution control strategy to incentive policies for water consumption optimization. 

This has lead to more stringent effluent discharge regulations and an increase in the freshwater capture 

tariffs and effluent treatment unitary costs. 

Industries require huge amounts of water to perform their operations, and hence, the integration of 

processes is a key strategy to counter the pressure on water resources, in order to minimize the 

generated effluents and to improve the efficiency on the consumption, thereby making industries more 

competitive. 

Several authors have studied the efficient industrial water consumption problem, and presented many 

strategies. This has been extensively studied in the literature review. However, to the best of our 

knowledge, most of these methodologies have not been implemented into software tools that are readily 

available to academia and industrial users. 

The status quo and the complexity of solving such a problem, provides the opportunity and motivation 

to develop software tools to manage the industrial contaminated water networks. In this thesis, we 

develop two software tools for the continuous mode operating chemical processes, based on the water 

pinch analysis methodologies, to deal with single and multiple contaminants. The software tools 

developed, implement the water network management with reutilization strategy, presenting results by 

means of the visualization of the water network and the verification of abnormality in the flows and 

quantities of individual contaminants. Both software tools were tested using industrial cases from the 

literature, having obtained good results. Moreover, the tests of the software tool for multiple 

contaminants were directed to the petroleum industry due to its high rate of freshwater consumption.  

 

Keywords: Industrial Process Integration, Water Network Management, Software Tool, Multiple 

Contaminants, Water Pinch Analysis  
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Aquifer – geological spatial domain of a geological formation, surface and depth limited, capable of 
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The BOD is a measurement of oxygen demand over a five day period at a temperature of 20 ºC (Smith, 

2005) 

Chemical oxygen demand – a test to oxidize the chemical materials present in the effluent that are 

slowly biodegradable (Smith, 2005) 

Effective porosity – percentage of the total volume of a geological formation occupied by connected 
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Emission – the direct or indirect release of substances, vibrations, heat or noise from individual or 

diffuse sources in the installation into air, water or land (EUR-Lex, 2010) 
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Eutrophication – natural or artificial water enrichment of inorganic plant nutrients, as nitrate and 
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Industrial residual water – water entering the drainage system and treatment plant of urban residual 

water subjected to a pre-treatment (DR, 1997) 

Pollution – the direct or indirect introduction, as a result of human activity, of substances, vibrations or 

heat into air, water or land being harmful for the human health or the quality of the environment (EUR-

Lex, 2010) 

Water exploitation index – the ratio between the annual total demand for freshwater in a country 

including surface and groundwater, and the long-term average available water from renewable water 

resources. The index highlights the countries at higher risk of suffering the consequences of water 

stress. The freshwater resources are determined from the mean annual precipitation minus the mean 

annual evapotranspiration plus the mean annual inflows in each country (APA, 2015) 

Water quality – set of water physical, chemical, biological and microbiological parameters allowing to 

evaluate its adequacy as water origin for human consumption (DR, 1998)
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CHAPTER 1. Introduction 

1.1 Problem Contextualization 

Water is a scarce and fragile resource where millions of liters can be contaminated or polluted with only 

a drop of a hazardous substance. The hydric resource is an essential good for the development of the 

daily activities of the populations and their lifestyles and hence, should be preserved so as to not 

compromise the quality of life and the development of the different economic sectors. 

The world population is expected to grow from 7 billion in 2011 to 9 billion in 2050 which will lead to a 

substantial increase in the level of urbanization (UNPF, 2015). The unsustainable growth in addition to 

the poor management of the water network, has led to an unfair water distribution across the world 

which in some locations has become a commodity due to the presence of contamination in the water.  

In 2002 in Europe, the groundwater provided around 65% of water for human consumption, explored 

intensively by 60% of the European cities, and committing 50% of wetlands (EC-DGE, 2002). This data 

is alarming as it reveals a pounding water crisis period. The water scarcity is evaluated by the water 

exploitation index (WEI+) that measures the stress over the hydric resources, depends on the 

consumption of the renewable resources by each country. The index is classified into four categories, 

namely, without scarcity (<10%), reduced scarcity (10-19%), moderate scarcity (20-40%) and severe 

scarcity (>40%) (APA, 2015).  

In 2015, the average water exploitation index per hydrographic region of Portugal mainland is presented 

in figure 1. A brief conclusion from the graph below is the existence of reduced or moderate scarcity of 

Portugal rivers. Despite the values below seem not to be alarming since they correspond to average 

values, according to Plano Nacional da Água, Leça watershed with 38% is close to severe scarcity of 

41% (APA, 2015). 

 

Figure 1.1. Water Exploitation Index (%) per hydrographic region of Portugal mainland in 2015 (APA, 2015) 

Water scarcity has been encouraged by the absence of water pollution controls, low tariffs applied to 

the water consumed and the lack of environmental and groundwater catchment restrictions, leading to 

the over exploration of 20% of world aquifers (UNESCO, 2015). Several insufficiencies in the domestic 

and industrial effluents discharge controls, have resulted in the creation of mitigation measures by the 

European Union in order to handle the aquifer’s pollution, through the increase of the capture water 

price and investment in the water treatment installations. The measures introduced, allowed for the 

improvement of the ecological quality, where the quantitative imbalances between the demand and the 
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water availability were reduced while at the same time increasing the water usage efficiency for all 

economic sectors (Monte and Albuquerque, 2010). 

UNESCO has projected a growth of 55% of industrial water consumption by 2050, mainly in the 

manufacturing industry and the electricity generation (UNESCO, 2015). The industrial sector is the 

biggest water consumer for multiple purposes ranging from mass separation agent, heating and cooling 

utilities to the equipment washing operations with the effluent rejection. The water scarcity has motivated 

industries for environmental responsibility, by shifting the attention from the end-of-pipe treatments to 

pollution prevention practices. The complete water system comprising of the water pre-treatment, the 

process unit and the wastewater treatment subsystems, helps industries to reduce the wastewater 

generation, and thereby, the costs. 

More than 40% of Portugal’s hydric resources originates in Spain and as such creates a strong need for 

the sustainable watersheds management of the Minho, Douro, Tejo and Guadiana rivers. The 

Portuguese hydric resources are characterized by their abundance, showing an annual average 

precipitation of 950 mm, with geographical water occurrence irregularities with higher scarcity in the 

South of Portugal as shown in figure 1.1. It is also characterized by temporal seasonality with the 

precipitations concentrated between late autumn and the beginning of spring. These variations hamper 

the hydric balance for water preservation (APA, 2015). Therefore, the residual water reutilization 

constitutes a strategic component in the development of the Portuguese economy. From a quantitative 

perspective, the water irregularities lead to substantial infrastructure investments for storage, capture 

and transportation from regions with water surplus to those with water deficit. From a quality point of 

view, the hydric resources cannot be used due to their quality characteristics that are the result of the 

inferior evolution of the pollution control measures when compared to the industrial development (Monte 

and Albuquerque, 2010). 

Table 1.1 summarizes the water volume used in 2015, per sector of activity and per hydrographic region 

(HR) of Portugal mainland which are Minho and Lima (HR1), Cávado, Ave and Leça (HR2), Douro 

(HR3), Vouga, Mondego and Lis (HR4), Tejo and Ribeiras do Oeste (HR5), Sado and Mira (HR6), 

Guadiana (HR7) and Ribeiras do Algarve (HR8). 
 

Table 1.1. Water volume used per sector, hm3/year (Adapted from APA, 2015) 

Sector HR1 HR2 HR3 HR4 HR5 HR6 HR7 HR8 Total % Total 

Urban 26 61 161 103 394 25 72 47 889 19.6 
Industrial 8 45 7 66 67 32 1 1 227 5.0 
Agriculture and 
livestock 

105 266 684 571 1170 248 243 102 3389 74.7 

Tourism 1 2 3 3 10 2 2 11 34 0.7 
Total 140 374 855 743 1641 307 318 161 4539 100.0 

1.2 Thesis Objectives 

The current master thesis concerns the development of two software tools, in order to solve the industrial 

water network management problems with single and multiple contaminants. This involves the study, 

selection and implementation of the most adequate water pinch analysis (WPA) method, recurring to 

Microsoft Excel and Visual Basic for Applications (VBA) macros. The objective of constructing those 
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software tools is to evaluate one of the process integration strategy by reusing the flowrates so as to 

minimize the freshwater consumption, and consequently, the effluent discharged. To accomplish this, 

the main thesis objectives are presented below. 

 Study the existing European and Portuguese legislation to capture and discharge water; 

 Review the literature and the methodologies therein for the water streams allocation, such as, 

the water pinch analysis and the water allocation problem; 

 Identify the advantages and disadvantages of the reviewed methodologies and select the 

adequate approach, and develop software tools to solve the contaminated water network 

management problem for single and multiple contaminants; 

 Collect data from the literature reviewed and test the efficiency of the developed software tools, 

as well as to perform a sensitivity analysis by varying the input parameters; 

Although the concerns for resources conservation rose sharply in 1980, most of the approaches 

developed to deal with multiple contaminants, were mathematical models. The main contribution of this 

work is the development of intuitive graphical algorithmic software, intended to promote sustainable 

consumption by minimizing freshwater consumption in industrial plants, thereby reducing the unitary 

costs and increasing the competitiveness of an industry in the marketplace. 

1.3 Research Plan 

The master thesis was developed following the research plan presented in figure 1.2, devised to provide 

a focus on the objectives identified with respect to the problem under study. 

 

Figure 1.2. Thesis methodology and plan 

1.4 Thesis Structure 

The Master Thesis developed is organized as follows: 

 Chapter 1 Introduction. This chapter contextualizes the worldwide problem of water scarcity and 

rising water demand. The thesis objectives are presented and proposed a research plan to 

accomplish those objectives. A structure for the Master Thesis is briefly presented; 
 

 Chapter 2 European and Portuguese legislation. Here, the focus is on the existing legislation for 

industrial water consumption. The chapter is divided into two groups based on the information 

needed by industrial plants managers, specifically the water catchment and the water discharge. In 
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the first group, are described procedures for the bore well licensing, the protective area delimitation, 

the applied tariffs and the efficiency measurement whereas the second group presents the 

discharge licensing and the emission limit values;  
 

 Chapter 3 Literature and methodology review. The literature related to the area of study is 

reviewed, and presented the application of water pinch analysis to single and multiple contaminant 

networks as the solutions to both problems are developed in this thesis. In order to gain an 

understanding of the characteristics of the problem and the solution techniques used, the relevant 

literature is studied and presented the main concepts and procedures of the water pinch 

methodologies;  
 

 Chapter 4 Development methodology selection. Based on the identified goals, is selected the 

methodology to implement, among the graphical or mathematical approaches, in order to develop 

the industrial contaminated water network management software tool. Keeping in mind the 

development objectives, are defined the requirements for software tools to develop. The literature 

review developed in chapter 3, is crucial to compare the various methodologies with respect to their 

advantages and disadvantages based on the established goals, whereby is selected the adequate 

methodology for the software development;  
 

 Chapter 5 Industrial case studies. An illustrative study of two industrial cases taken from the 

literature is presented, in order to evaluate the process integration strategies. Based on the single 

contaminant example, the reutilization, regeneration-reuse, regeneration-recycle and reutilization 

with water losses are explained in detail. For the study of multiple contaminants, is presented a 

petroleum refinery, in order to determine the water saving benefits with the reutilization strategy in 

contrast with the one without the adoption of process integration. An evaluation and the main 

conclusions of the water savings are presented;  
 

 Chapter 6 Software tool for single contaminant. A software tool is developed to deal with water 

networks with a single contaminant for three, four and five operations. It is presented the software 

tool construction by extracting the limiting operational data, creating the water cascade table and 

generating the water source diagram in order to obtain the water network. It is performed a sensitivity 

analysis in order to evaluate how the uncertainty of the water consumption is affected by input 

parameters of inlet concentration, outlet concentration and the total mass transferred;  
 

 Chapter 7 Software tool for multiple contaminants. A software tool to deal with multiple 

contaminants water network for industrial plants is developed. The software is tested by considering 

some processes of a petroleum refinery and presented the results. The principal charts generated 

are the water source diagram with the mass exchange network and the optimized water network 

that is obtained through an interactive procedure;  
 

 Chapter 8 Conclusions and future research. In this chapter, are presented the main contributions 

of the developed work and proposed future research directions that can address the relevant topics 

for the industrial contaminated water network management problem. 
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CHAPTER 2. European and Portuguese Legislation 

The industrial revolution which took place in the 18th and 19th century, marked a period of change with 

respect to mass production, which determined an increase in volumes and varieties of products being 

manufactured and consumed. This paradigm brought new challenges, mainly related to the inefficient 

utilization of resources and the high levels of pollution produced.  

Over decades, the water abundance, low tariffs and low penalties led to excessive exploration of the 

water resources which aggravated the scarcity of freshwater as a result of its contamination by 

agricultural and industrial units, making vital the prevention measures to combat this harmful effect. 

Since 1975, a lot of effort has been put forth by Europe in order to attenuate and whenever possible, to 

revert some of the environmental damages through the development of strict measures to sensitize 

industries and citizens (EC-DGE, 2016). 

The European Union through directives and Portugal through decree-laws, have been working on 

policies to ensure that the environment is rightly protected. These policies include the definition of 

exploitation protection zones, the control of volume and pollution level of river waters, the control of 

climate changes by imposing the allowed limit values for industrial and agricultural emissions, and finally 

the development of a pricing system to guarantee that the clean water is kept clean and the polluted 

water get cleaned. 

2.1 Water Catchment 

2.1.1 Exploration licensing 

The superficial and ground water exploration in excess, increased the awareness of governments for 

the sustainable use of hydric resources which resulted in the legalization process of the water 

catchment. For this reason, companies are now required to strictly obtain licenses since absence will 

compromise the agricultural and industrial activities. The possible license types for superficial and 

ground water catchments are presented in figure 2.1. 

Water catchment

Superficial 

water
Groundwater 

Hydric Domain 

Notification 

(Power   5 hp)

Catchment 

License

Hydric Domain 

Notification (Power   5 

hp or Depth   20 m )

Research

License

Exploration 

License

 

Figure 2.1. Groundwater and superficial water catchment licensing (Adapted from CCDR-LVT, 2005) 

According to the regulatory ordinance 393/2008, the Hydrographic Regional Administration (HRA) was 

conferred the competence to perform the Regional Coordination and Development Commission (RCDC) 



6   _                                                                                        CHAPTER 2. European and Portuguese Legislation 

 
 
 

duties on taxation and licensing in the hydric resources domain (DR, 2008a). The Decree-Law 46/96 

established that only water catchments with extraction equipment and well depths greater than, 

respectively, 5 horse-power (hp) and 20 meters require licensing. Nevertheless, even if the above 

conditions are not exceeded, the applicant needs to notify the HRA. The license emission for research 

and groundwater catchment activities has a cost of 1798.27€ which was fixed by the Agência 

Portuguesa de Ambiente (APA, 2015) where the validity of new and renewed licenses is 5 years. The 

license request is initiated by delivering an electronic survey to the HRA that can be found at the APA 

website (APA, 2017a). The procedure for license obtainment is presented in figures A.1, A.2 and A.3 of 

Appendix A. 

2.1.2 Protective area delimitation 

The protective area corresponds to the interdiction area for activities that use the region for groundwater 

exploration. The function of protection zones is to avoid the aquifer’s water contamination resulting from 

the water extraction flowrate from wells (DR, 1999,2013).  

For groundwater capture, the perimeter delineation criteria was disclosed in Decree-Law 382/99 of 22 

of September (DR, 1999) in order to prevent, reduce and control the accidental discharges and aquifers 

pollution from contaminated water infiltrations. The protective zones are defined, based on the 

hydrogeological methods that consider the catchment conditions and the explored aquifer system 

characteristics. Nevertheless, the fixed radius method is resorted to in the absence of studies in the 

hydrogeological conditions. 

Consequently, protective areas for water catchment are divided in three zones (see figure 2.2):  

Immediate protection zone – immediate area to harvesting zone where the water origin is directly 

protected. The area delimitation depends on the water capture morphology characteristics, the lower 

or higher pressure from anthropological activities and the water quality problem. The activities 

whose outcome is releasing residues or other unauthorized substances are inhibited due to the 

groundwater infiltrations, except for the conservation and maintenance activities (DR, 1999,2009); 

Intermediate protection zone – area adjacent to the immediate protection zone that considers the 

aquifer geological conditions where the objective is to reduce or to eliminate the groundwater 

pollutants with a permanence period of 50 days. Some activities such as hazardous residues 

transportation, aeronautical infrastructures, fuel stations and industrial installations with substances 

that contribute to the eutrophication processes are restricted (DR, 1999); 

Extended protection zone – area adjacent to the intermediate protection zone that ensures that 

the groundwater quality is not affected by the presence of persistent pollutants, such as, organic 

compounds, radioactive materials and heavy metals, remaining for a period of over 3500 days. The 

area inhibition or conditioning depends on the pollution level which is related to the pollutant nature 

and quantity as well as the way pollutants are emitted to water (DR, 1999,2013). 
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Figure 2.2. Map of protective area of Assequins in Agueda municipality (DR, 2006)  

The protective area radius r(t), expressed in meters, is given by eq. (1) for the fixed radius method. 

Here, Q is the exploration flowrate (m3/day), t is the time needed for a substance to reach the catchment 

(day), H is the saturated thickness in the capture (m) and n is the effective porosity expressed in 

percentage and which depends on the rock type and its composition (DR, 1999). The radius value, r(t), 

for the intermediate and the extended protection zone is given by the biggest value in accordance of the 

data presented in table 2.1 which is dependent of the type of aquifer system. 

r(t) =  √
Qt

πHn
 (1) 

Table 2.1. Protective areas delimitation depending on the aquifer system type (DR, 1999)  

Type of 

aquifer system 

Immediate 

protection zone 

Intermediate protection 

zone (t =50 days) 

Extended protection zone 

(t = 3500 days) 

1 r = 20 m r is between 40 m and r1 r is between 350 m and r1 

2 r = 40 m r is between 60 m and r2 r is between 500 m and r2 

3 r = 30 m r is between 50 m and r3 r is between 400 m and r3 

4 r = 60 m r is between 280 m and r4 r is between 2400 m and r4 

5 r = 60 m r is between 140 m and r5 r is between 1200 m and r5 

6 r = 40 m r is between 60 m and r6 r is between 500 m and r6 

2.1.3 The Water Pricing System 

Water is widely used in the primary, secondary and tertiary sectors, namely the agriculture, fishing, 

extraction, transformation and services activities and also for domestic purposes. The extensive use of 

this precious resource, as well as the high rate of continuous pollution over the years, led the European 

Union governments to develop sustainable policies in order to reduce the pollution levels and penalize 

the ones who pollute more, i.e. the polluter pays principle. The National Water Plan approved in 2002, 

promoted the construction of drainage systems and the domestic and industrial effluent treatment 

Catchment: Well 
M: 174 108 m 
P: 400 420 m 
Radius centered in capture point: 40 m 

Catchment: Well 

M: 174 108 m 

P: 400 420 m 

Radius centered in capture point: 200 m 

Vertex 1 - M: 173 084 m; P: 400 436 m 
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Vertex 4 - M: 174 202 m; P: 400 517 m 

Vertex 5 - M: 174 220 m; P: 400 467 m 
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Vertex 7 - M: 174 342 m; P: 400 232 m 
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Vertex 10 - M: 174 884 m; P: 399 148 m 
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infrastructures as industries faced problems related to inefficient technologies and water treatment 

systems. The Water Framework Directive promoted the application of tariffs as a means to encourage 

the efficient use of hydric resources. The tariff system allowed the recovery of the supply and treatment 

service costs per economic sector which encompassed the water capture, storage and distribution to 

the sewage water treatment. 

Most European river basins were quantitatively and qualitatively threatened as the pollution produced 

was not indexed to the water volume usage tariffs so that excessive catchments could be prevented. It 

is critical to avail of a pricing system in order to ensure the competitiveness of the agricultural and 

industrial sectors. The European Union approved the Water Framework Directive in 26 July 2000 (EUR-

Lex, 2000) in order to guarantee a simpler pricing system. The water price paid by consumers is 

calculated using eq. (2) and must reflect the financial costs which include the supply, maintenance and 

capital costs; the environmental costs including the aquatic ecosystems and environment damage costs; 

and the resource costs which are the opportunity costs. 

The water price (P), expressed in €, is a function of the infrastructure fixed costs (F, €), the total quantity 

of water used (Q, m3), the total pollution produced (Y, kg), a fee per unit of water used (a, €/m3) and a 

fee per unit of pollution produced (b, €/kg). 

P = F + a ∗ Q + b ∗ Y (2) 

Later, Portugal with Decree-Law 97/2008 of 11 June (DR, 2008b) developed a tariff system to be applied 

for the hydric resources exploration. The tariff comprised of 5 components, including the private water 

usage of State public hydric domain (A), direct or indirect effluent discharge (E), inert materials extraction 

of State public hydric domain (I), land and water occupation plans of State public hydric domain (O) and 

private water utilization, regardless of the nature, that is subjected to planning (U). Eq. (3) presents the 

formula to calculate the water tariff to be applied. 

Hydric resource tariff =  A + E + I + O + U 
(3) 

A baseline value determined by the volume of the captured water (€/m3) is applied in component A and 

is multiplied by the scarcity coefficient without considering the use of marine water for hydroelectric and 

thermoelectric production. The scarcity coefficient depends on the watershed region, which has a 

coefficient of 1.0 for Minho, Lima, Cávado, Ave, Leça and Douro river basins, a coefficient of 1.1 for 

Vouga, Mondego and Lis watershed, and a coefficient of 1.2 for Sado, Mira, Guadiana and Ribeiras do 

Algarve river basins. The value of component E varies according to the quantity of pollutant presented 

in the water discarded (€/kg). This is based on the oxidisable material and calculated using the formula 

(COD + 2 ∗ BOD5) 3⁄  where COD is the chemical oxygen demand and BOD5 is the biochemical oxygen 

demand during 5 days. A base value of 2.50 €/m3 is applied for component I depending on the volume 

of inert extracted and considering a conversion factor 
volume

mass of dry sand
 of 1.6 m3/ton. Component O is 

obtained based on the occupied area (€/m2) and the value swing according to the need for lower or 

bigger area of activity. The value of component U is proportional to the volume of the water captured 

(€/m3) which depends on the sector of activity. In table 2.2, are presented the unitary costs for each 

component and economic activities. 
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Table 2.2. Costs for hydric resources exploration (DR, 2008b,2015; APA, 2017b)  

Component Activity Cost 

A 

Agriculture, pisciculture, aquaculture and biogenetic 

cultures 
0.0032 €/m3 

Production of hydroelectric energy 0.0000216 €/m3 

Production of thermoelectric energy 0.0029 €/m3 

Public water supply systems 0.014 €/m3 

Other cases 0.014 €/m3 

E 

Oxidisable material 0.32 €/kg 

Total nitrogen 0.15 €/kg 

Total phosphorus 0.18 €/kg 

I Inert 2.77 €/m3 

O 

Electricity production and pisciculture with equipment 

located into sea 
0.0021 €/m2 

Agriculture, aquaculture, pisciculture, biogenetic cultures 

and equipment of support to traditional fishing, sanitation, 

public water supply 

0.0528 €/m2 

Industry 1.585 - 2.10 €/m2 

Residential buildings 3.9619 - 5.28 €/m2 

Occasional occupation of commercial nature, touristic or 

recreational with profit goal 
5.28 - 7.924 €/m2 

Longstanding occupation of commercial nature, touristic or 

recreational with profit goal 
7.924 - 10.57 €/m2 

Other cases 1.05 €/m2 

U 

Agriculture, pisciculture, aquaculture and biogenetic 

cultures 
0.000649 €/m3 

Production of hydroelectric energy 0.0000043 €/m3 

Production of thermoelectric energy 0.0005732 €/m3 

Public water supply 0.0028 €/m3 

Other cases 0.0028 €/m3 

 

The unitary costs introduced previously can be exempt for the application of components A, E, O and U 

with the exception of component I. The water extraction activities where are used equipment with power 

lower to 5 horsepower and simultaneously free of adverse effects to the aquatic environment or activities 

where the water utilization is in compliance with the national strategy, are exempt of applying 

components A and U. Residences are free from applying component E if they invest in treatment of their 

residual waters or if the urban agglomeration, without industrial effluents or untreated waters, is inferior 

to 200 inhabitants. When infrastructures and equipment are implemented for land or water plans, to 

support fishing activities, research projects and testing technologies for electricity production from sea 

waves, or water uses plans from dams reservoir for national interest purposes such as industrial supply 

and activities of preventing marine pollution, these are free of the O component in the tariff. 

To guarantee the maximum efficiency of such measures, on 24 November 2010 was approved the 

Directive 2010/75/EU (EUR-Lex, 2010) that set the Polluter-Pays Principle in order to standardize the 

control of pollutants emissions and the prevention plans of water for the European Union. The 
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development of these plans takes into account factors such as the economic situation and local 

specifications of industrial activity growth. 

2.1.4 Efficiency measurement 

The National Program for the Efficient Use of Water: Implementation 2012-2020 (APA, 2012) introduced 

new measures to minimize water pollution and energy consumption for industrial sector, specifically: 

 Introduction of new technologies to maximize the water usage efficiency and to reduce the 

potential for polluting emissions; 

 Construction of water supply, drainage, residual water treatment systems and hydraulic 

infrastructure; 

 Water consumption reduction by implementing the water vapor recovery systems in heating and 

cooling processes whereby the losses across supply networks can be controlled; 

 Reduction of industrial plant water consumption based on changes of user consumption 

patterns by recirculating the water over the industrial processes; 

 Utilization of residual waters from other processes in the cooling systems and the washing 

operations; 

 Replacement of equipment by more efficient ones, mainly for the washing operation since it is 

the biggest water consumer, for instance, water pressure jet device, thereby achieving 

significant water savings; 

 The goal set for the industrial sector until 2020 is to achieve water use efficiency of 85% which 

is calculated as per eq. (4). 

 

Efficiency (%) =
Minimum consumption

Effective consumption
∗ 100 (4) 

The efficiency ratio, measures the optimization level in the captured water use, in order to produce the 

desired service in different economic activity sectors. The minimum consumption is the minimal water 

amount needed for a settled sector while the effective consumption is the total volume of water used for 

all sectors. The efficiency will be equal or inferior to 100%, depending on the effective consumption 

being equal or higher to the minimum consumption.  
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2.2 Water discharge 

2.2.1 Discharge licensing 

The request for industrial effluents rejection, is presented in the document of Portuguese Environment 

Agency (APA, 2003). The license is requested by identifying the applicant followed by the usage 

characterization and location. The last topic involves the identification of the wastewater origin, the 

residual water allocation for the sewage treatment plants, the definition of the discharge points, the 

receptor medium, the area of public domain (m2) and the total area required for the industrial project 

(m2). The document describes the elements needed to obtain the license where the technical description 

of the industrial project must contain the following information: 

 Detailed information relating to the classification of the economic activities and a brief 

description of the manufacturing facilities, daily and annual working period, products produced, 

raw materials used, manufacturing processes and installed production capacity; 

 Origin of residual water, volume and composition identification, the quantitative and qualitative 

characterization of the effluents treated and the discharge regime; 

 Maps in digital format with scale 1:25000 and 1:2000, of the sewage treatment plant, the 

discharge points, the wells and the capture wells with the localization and geographical 

coordinates; 

 Indicator of security procedures to face the emergency or accident prevention situations. 

2.2.2 Emission limit values 

The set of physical, chemical, biological and microbiological parameters that determine the quality of 

aquatic environment is ensured by imposing the emission limit value (ELV) respective to polluting 

substances that degrade the water quality (EUR-Lex, 2010). The ELV corresponds to the concentration 

value limit for a substance that industrial installation may emit during effluents discharge for water or to 

the ground over a specified period of time where the values for each substance are defined in table 2.3. 

The effluents discharge pH must be between 6.0 to 9.0. 

Table 2.3. Emission limit value (ELV) for residual water discharge (adapted from DR, 1998) 

Parameters ELV Parameters ELV Parameters ELV Parameters ELV 

Temperature Increase in 

3º C 

Total arsenic 1.0 mg/l As Total iron 2.0 mg/l Fe Total 

nitrogen 

15 mg/l N 

Total 

mercury 

0.05 mg/l Hg Sulphides or 

suphites 

1.0 mg/l S  

1.0 mg/l 

SO3 

Aluminium 10 mg/l Al BOD5 at 20ºC 40 mg/l O2 

Total 

cadmium 

0.2 mg/l Cd Total 

residual 

chlorine 

1.0 mg/l Cl2 Ammonium 10 mg/l NH4 Nitrates 50 mg/l NO3 

Total cyanide 0.5 mg/l CN Total 

manganese 

2.0 mg/l Mn Total 

phosphor 

10 mg/l P Total Soluble 

Solids 

60 mg/l 

Phenols 0.5 mg/l 

C6H5OH 

Total 

chromium 

2.0 mg/l Cr Mineral oils 15 mg/l COD 150 mg/l O2 

Total copper 1.0 mg/l Cu Total nickel 2.0 mg/l Ni Oil and fat 15 mg/l Sulphates 2000 mg/l SO4 
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CHAPTER 3. Literature and Methodology Review 

Over the years, chemical industries have changed their pollution control strategies from the end of pipe 

strategy to the water consumption minimization approach. The focus was on effluents treatment while 

the latter decreases the effluent generation and consequently the costs associated with it. At a general 

level, the water systems are comprised by regeneration and effluent treatment systems whose function 

is to reduce water consumption that can be achieved in three different ways as shown in figure 3.1. For 

a better understanding, the concepts of water flow in industrial processes will be reviewed. 
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Figure 3.1. Water flow scheme in industrial processes (adapted from Kuo and Smith, 1998) 

The first is water reutilization which corresponds to the direct use of effluents in other operations. Here, 

the sewage will be mixed with freshwater and/or the effluents supplied from other operations to result in 

an acceptable level of contamination, and therefore, do not interfere with the performance of the new 

mass transfer operation (Souza et al., 2009). Another form of minimizing the water consumption, is 

through differentiated regeneration which involves the removal of contaminants in the effluent and the 

treated water is reused in other operations, which means that the water does not return to the same 

operation (Relvas et al., 2004). The third alternative consists of regenerating water followed by its 

recycling. This is known as regenerative recycling wherein the water is reused in the same operation 

(Gomes et al., 2007). Other approaches to reduce freshwater demand recourses to process changes 

where inefficient equipment are replaced by more efficient ones, for instance, the use of air coolers 

instead of cooling towers (Castro et al., 1999). 

Now, we focus our attention in explaining the main difference between the existence of two types of 

operations in industrial processes, the fixed load and fixed flowrate operations. The goal of the fixed 

load operations is to remove a specific amount of contaminant from the stream, based on the mass 

transfer controlled by eq. (5) which are quality controlled operations. To meet this goal, the inlet and 

outlet stream concentrations must not exceed the limit value, hence must stay equal to or below the 

maximum allowable amounts and without changing the flowrates. Some examples of this type of 
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operations are the washing and the extraction processes (Liu et al., 2009). In contrast, the fixed flowrate 

operations are quantity controlled and do not involve mass transfer. Here, the inlet concentration must 

be inferior or equal to the maximum allowable value and the outlet concentration is fixed to the maximum 

allowable value such as that of the reactor sewage. As water gains and losses over the network are 

taken into account, in this type of operations, the inlet and outlet flowrates can be different and fixed to 

the limiting value (Fan et al., 2012). 

∆mkc = Fk(Cout,max − Cin,max) (5) 

The limiting flowrate Fk is the required flowrate to partially remove the contaminant, considering the 

maximum inlet Cin,max and the maximum outlet Cout,max concentrations. The water supply line is a line 

located below the limiting water profile as shown in figure 3.3, that is rotated anti-clockwise until it 

touches the limiting composite curve at Cout,max. The inverse slope gives the minimum freshwater 

requirement for a process unit (Klemes, 2013). The regenerated water supply line is similar to the water 

supply line for the regenerated water (Hu et al., 2011). 

In this chapter, is presented a review of the literature related to the application of water pinch analysis 

to multiple contaminant water networks which is the central topic of this thesis. The determination of 

freshwater and wastewater targets and the optimal network design methods are now reviewed by 

organizing them into two main groups: the water pinch analysis (WPA) and the water allocation problem 

(WAP). 

3.1 Water Pinch Analysis (WPA) 

In recent decades, the water pinch analysis has been more extensively used to solve problems of high 

industrial water consumption due to its simplicity and graphical approach. The water pinch analysis has 

been used for water consumption optimization in diverse industrial sectors such as pulp and paper, food 

and drinks, chemicals, petrochemicals and oil refining. This technique allows engineers to systematically 

analyze processes as well as to increase the water usage efficiency, leading to savings of around 25% 

to 40%. Process integration is defined as the analysis and optimization of large and complex industrial 

processes, wherein are made all improvements to process systems, their constituent unit operations, 

and their interactions in order to maximize the effective use of energy, water and raw materials (NRCAN, 

2003). The WPA methodology has been consistently used in recent years as shown in figure 3.2. 

The WPA procedure is a sequence of five steps: i) the analysis of the actual water network; ii) the data 

extraction such as flowrates and limiting contaminant concentration with industry experts; iii) the 

calculation of minimal freshwater; iv) the water network design; and v) the economical evaluation. The 

WPA methods are grouped into the representation methods and the solving methods. The first group 

includes the composite table algorithm while the second group obtains target values using mathematical 

or algorithmic approaches, such as the water cascade analysis, the water source diagram and the water 

surplus diagram. 
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Figure 3.2. Evolution of the WPA literature  

3.1.1 Composite Table Algorithm (CTA) 

For a long time, attention was predominant in fixed flowrate operations of water reuse, recycle, 

regeneration-reuse, regeneration-recycle and networks with multiple utilities. In this context, Parand et 

al. (2013) presented a hybrid approach called the composite table algorithm that combines a graphical 

with a numerical targeting technique, in order to study the extension for the fixed load operations. The 

authors study the multiple pinch presence and threshold problems such as the zero network discharge 

with freshwater, the wastewater generation without freshwater and the zero freshwater with zero effluent 

discharge. The obtained results are evaluated and compared with those reported in the literature for the 

water cascade analysis.  

3.1.1.1 CTA concepts 

The method presented in Parand et al. (2013), for the conversion of the limiting data from fixed load into 

fixed flowrate operation, is explained with recourse to an example taken from Wang and Smith (1994). 

Table 3.1 provides the limiting data for a fixed load process. 

 

Table 3.1. Limiting data for a fixed load process 

Process k Δmkc (kg/h) Cin (ppm) Cout (ppm) Fk (ton/h) 

1 2 0 100 20 

2 5 50 100 100 

3 30 50 800 40 

4 4 400 800 10 

 

The converted limiting data for the fixed flowrate model is shown in table 3.2. Here, all inlet streams are 

considered as sinks or demand having the concentration Cin and the outlet streams as sources or supply 

having the corresponding concentration Cout.  

 



CHAPTER 3. Literature and Metodology Review                                                                                                    15 

 
 
 

Table 3.2. Converted limiting data for fixed flowrate operation 

Sinks Sources 

Inlet process Fd (ton/h) Cd (ppm) Outlet process Fs (ton/h) Cs (ton/h) 

P1 20 0 P1 20 100 

P2 100 50 P2 100 100 

P3 40 50 P3 40 800 

P4 10 400 P4 10 800 

Total 170  Total 170  

 

3.1.1.2 CTA procedure 

The limiting composite curve (LCC) is a limiting water profile curve representation of the individual 

process streams which is first plotted on the water profile diagram, based on the data provided in table 

3.2. Figure 3.3 shows the individual limiting water profile and the water supply line. The mass load is 

plotted on the X-axis and the concentration intervals on the Y-axis according to the maximum 

concentrations. Each mass load transfer is then calculated to give the limiting water profile for each 

process, where after is obtained the final LCC which is a representation of the overall water network 

system. Subsequently, the water supply line is drawn in the LCC diagram from 0 ppm (figure 3.3 a) or 

Cin (figure 3.3 b) counter clockwise and tangent to the pinch point of the LCC. 

 

Figure 3.3. Individual limiting water profile () and water supply line () (adapted from Deng et al., 2011) 

3.1.2 Mixed Integer Non-Linear Programs (MINLP) 

Relvas et al. (2004) developed a nonlinear programming (NLP) model, using the General Algebraic 

Modelling System (GAMS) interface, and links it to the AquoMin software, in order to represent the 

regeneration reuse mass exchange network, using the water source diagram for a single contaminant. 

This tool allows for different reutilization alternatives which increase the network complexity as well as 

the design parameters. In order to increase the savings of the freshwater usage for regeneration reuse 

and regeneration recycle networks, Hu et al. (2011) present two decomposition strategies, however 

water variations and pollutant interactions were not considered. The results achieved for a single 

contaminant case, are used to extend the analysis for multiple contaminant networks and obtain the 

optimized network through a mixed integer nonlinear programming (MINLP) formulation in GAMS. 
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3.1.2.1 MINLP Concepts 

The inlet concentration crossing the post regeneration concentration C0, is defined as the minimum non 

zero inlet concentration which ensures the minimal consumption of freshwater. According to Hu et al. 

(2011), the water using processes may be divided in two subprocesses based on the concentration and 

the mass load decomposition. For subprocess 1, the inlet concentration is lower than the regeneration 

concentration which implies a feeding process with an external water source, otherwise, the subprocess 

2 is fed by regenerated water. The decomposition coefficient αk for multiple contaminant processes is 

given by eq. (6), which is the contaminant proportion for one of the subprocesses. The contaminant 

weighting coefficient λc is introduced to consider the impacts of individual pollutant on the system for 

treatment level identification. For higher values of λc, contaminants have higher impact on the network 

performance and hence, require a treatment level to remove or reduce their concentration, thereby 

implying higher removal rates. The relaxation coefficient β expresses the relation between the 

freshwater and the regenerated flowrate. Figure 3.4 represents the general network structure for 

regeneration reuse. 

 

Figure 3.4. Structure of a regeneration reuse network (Hu et al., 2011)  

3.1.2.2 MINLP Model 

The mathematical models are solved to minimize the total freshwater consumption using eq. (7), reduce 

the regenerated water flowrate using eq. (8), and minimize the regeneration mass load using eq. (9). 

The model is constrained for the mass balance of process k, mixture node at the inlet of operation k, 

mass balance to regenerator and binary variables for process and regeneration units correlation (yk-1,k, 

yr,k and yk,r). The regenerated concentration and the flowrate at pinch point are respectively given by 

eqs. (10) and (11). 

αk = Max (
Cc

RO − Cin,max

Cout,max − Cin,max
)  (6) 

Min Z =  ∑ Fk
FW

k∈K

 
(7) 

Min Y = ∑ Fk
RO

k∈K

 
(8) 

Min W = ∑ ∑ λcFRO(Cc
RI − Cc

RO)

k∈Kc∈C

 
(9) 

CP
RO =

∑ αkFkCout,max
k

∑ Fkk

 (10) 

FP
RO =

∑ αkFk∆Cmax
k

Cp
RO − Cew

 (11) 
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3.1.3 Water Surplus Diagram 

The concept of the water surplus diagram was first introduced by Alves (1999) for the analysis of 

hydrogen distribution networks in refineries. Hallale (2002) explored the concept for non-mass transfer 

operations, analyzing how process modifications and water regeneration affect the single pollutant 

network design while considering all the possibilities for source mixing. These modifications help to 

change the water source and the demand flowrates or concentrations through the changes in water 

using operations, for instance, by replacing equipment with others that are more efficient, or improving 

control systems or applying both solutions (Hallale, 2002). 

3.1.3.1 The Water surplus diagram procedure 

The water surplus diagram begins with the plotting of the demands and sources’ composite curves in 

the flowrate versus water purity diagram as shown in Figure 3.5(a) where the purity is given by eq. (12). 

Subsequently, the network feasibility is studied to guarantee a larger availability of source compared to 

the demand streams’ requirement while assuming an initial value for the external water flowrate. A 

vertical line is drawn using an interactive procedure for each flowrate value, in order to determine the 

purity level at which the source pinch is located, thereby obtaining the minimum freshwater target. The 

purity level occurs for the source composite curve shift from below demand composite curve and 

becomes above it. 

Purity =
1 000 000 − Ci 

1 000 000
  (12) 

 

  
Figure 3.5. (a) Source and sink composite curves; (b) Water surplus diagram (Hallale, 2002)  

3.1.4  Water Cascade Analysis (WCA) 

Manan et al. (2004) present a new approach, the water cascade analysis, as an alternative to the water 

surplus diagram in order to handle multiple pinch points. The method obtains the pinch point locations, 

the water allocation targets for maximum water recovery network, and the minimum water targets. A 

water cascade diagram is used to illustrate the methodology applied to an acrylonitrile case study with 

single contaminant. Minimal pure and impure fresh feeds as well as wastewater discharge are targeted 

(a) (b) 
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using a algebraic procedure in Almutlaq et al. (2005). The cascade diagram is used to maximize the 

stream recycle opportunity through the identification and adjustments of the recycle infeasibilities. The 

method is applied to a hydrogen distribution system within a refinery in Alves and Towler (2002) and for 

water recycle in a pulp and paper mill case in Lovelady et al. (2005). 

Foo et al. (2006) established the minimum targets for water source reuse to highly contaminated water 

sinks. Once those targets are calculated, a feasible network is constructed. Based on the proportionality 

between the equipment and the operational costs for the flowrate passing through the network, a 

heuristic is developed to minimize the costs for the zero discharge network. The method results are 

evaluated using a paper mill case study. Foo (2007) present a three step procedure to solve multiple 

impure source problems with lower and higher quality flowrate source targets, with flowrate adjustments 

for water sources of lower quality.  

Later, Foo (2008) analyze the threshold problem, where one of the variables is taken to the limit for 

scenarios such as freshwater consumption without waste generation and the absence of freshwater 

requirement with waste generation. Water source distribution along different plant zones are studied in 

order to lower the freshwater and wastewater flowrates. Manan et al. (2009) presents a procedure to 

simultaneously minimize water and energy, which consists in setting the minimum targets in the water 

and heat surplus diagram to design the water and energy recovery networks. 

3.1.4.1 The WCA Concepts 

Water cascade provides the opportunity for water source reuse, wherein contaminated water may satisfy 

the lower quality water demand. The stream quality is first evaluated based on the total suspended 

solids before its use (Foo et al., 2006). A sink composite rule is responsible for setting the mixture 

composition to a maximum admissible value, with the possibility of mixing pollutant sources with pure 

freshwater. A source prioritization rule prioritizes the source to be recycled so that their fresh arms start 

with the source having the shortest length (Almutlaq et al., 2005). 

3.1.4.2 The WCA procedure 

The WCA methodology comprises of the minimum targets determination steps, which are summarized 

in table 3.3 followed by their detailed description. 

Table 3.3. Water cascade table (Manan et al., 2004) 

Step 1 Step  2 Step 3 Step 4 Step 5 

Level 

i 

Ci 

(ppm) 

ΔC 

(ppm) 

- Σd Fd 

(ton/h) 

Σs Fs 

(ton/h) 

Σd Fd + Σs Fs 

(ton/h) 

Fcum 

(ton/h) 

Δm 

(kg/h) 

Δmcum 

(kg/h) 

FFW
 

(ton/h) 

Step 1. Organize the water contaminant concentration levels Ci in ascending order. Calculate the 

concentration differences between intervals i and i+1 where ΔC = Ci+1 - Ci; 

Step 2. For each Ci, determine the total water demand flowrate (− ∑ Fdd ) and the total water source 

flowrate ∑ Fss , obtaining the net water flowrate ∑ Fdd + ∑ Fss . A positive value identifies a net water 

source (water surplus) while a negative value corresponds to a net water sink (source deficit); 
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Step 3. Using water cascade diagram is obtained the cumulative net water Fcum= Fi + Fi+1 where the 

first interval Fi is equal to freshwater flowrate FFW, assumed to be 0 ton/h at 0 ppm. The cascading 

process continues until it reaches the highest Ci value and the wastewater flowrate FWW is determined; 

Step 4. Calculate the mass load transfer Δm = Fcum ΔC. A positive value identifies a water surplus to 

be allocated for the process while a negative value indicates deficit of water. Once the results are 

obtained, is determined the cumulative mass load Δmcum and located the pinch concentration where 

Δmcum =0; 

Step 5. If all values of Δmcum are negative, additional external water source will be required to 

overcome the network infeasibility of flowrate shortfall and mass load transfer, since impurity is 

transferred from the lower to the higher concentration levels. For each interval, the freshwater demand 

is calculated by FFW = Δmcum/ (Ci  −  CFW) with excess (FFW>0) or insufficiency (FFW<0). To construct 

a feasible network and ensure the minimal external water consumption, the absolute value of the 

largest negative amount of FFW is chosen as FFW for the new network and repeat from step 3. If Δmcum 

≥ 0 then an optimal feasible water cascade has been obtained. 

3.1.5  Water Source Diagram (WSD) 

Gomes et al. (2007) used the water source diagram (WSD) procedure to create different scenarios for 

the synthesis of water mass exchange networks with single contaminant. The authors, present water 

reuse opportunity, multiple external water sources availability, water losses across network, flowrate 

restrictions, differentiated regeneration and regenerative recycling. Later, Delgado et al. (2008) extend 

this procedure to deal with the differentiated regeneration networks for a petroleum refinery. They study 

the effluents recycle and correlation analysis between regeneration and post regeneration 

concentrations. Two approaches to remove multiple contaminants and increase the recycled and 

regenerated streams for each pollutant are considered, such as, fixed removal rate and post 

regeneration concentration. The possibility of multiple treatments per stream are not considered, which 

lead to different treatment sequence due to different removal rates of the contaminants. Souza et al. 

(2009), applies this methodology to a petroleum refinery with six operations and four contaminants, to 

study different water network configurations such as maximum water reuse, differentiated regeneration 

and regenerative end-of-pipe treatment, comparing the results with those obtained in the literature. The 

maximum water reuse for multiple pollutants with simultaneous contaminant transfer per operation has 

been recently studied in Gomes et al. (2013). 

3.1.5.1 The WSD concepts 

A reference contaminant is chosen based on the criteria of having the lowest maximum inlet 

concentration in most operations with the possibility of reusing wastewater. The operation requiring the 

cleanest water available is known as the reference operation (Gomes et al., 2013). In a centralized 

regeneration, all effluents are mixed and treated at the end-of-pipe while in the distributed regeneration, 

effluents may be or not mixed, depending on the water purity needed (Delgado et al., 2008). The 

regenerator removal rate is the percentage of removed contaminant concentration from the total amount 

of the effluent possible to reuse or recycle (Delgado et al., 2008). 
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3.1.5.2 The WSD procedure 

The WSD procedure consists of 13 steps where steps 1 to 7 comprise the procedure proposed for 

maximum reuse (Gomes et al. 2013). Since regeneration networks are designed based on the previous 

network for water reutilization, the necessary adjustments are then expressed in steps 8 to 13 (Delgado 

et al., 2008). 

Step 1. Identify the reference contaminant and reference operation; 

Step 2. If inlet concentrations in the reference operation are equal to the freshwater concentration, 0 

ppm, go to step 3. Otherwise, for a reference operation, adjust all the inlet concentrations to 0 ppm. 

Since the inlet concentrations were changed and mass transfer is maintained linear using eq. (13), we 

obtain the adjusted outlet contaminant concentration relative to the reference contaminant based on 

each of the remaining contaminant; 

Step 3. Verify for contaminant c, if the outlet concentration for the reference operation is lower than 

the inlet concentration for all operations different from the reference (Cc,ref
out ≤ Cc,k

in ). If true, then the 

concentration adjustment is not required since Cc,ref
out  is below the maximum admissible inlet 

concentration for the operation reusing the reference operation flowrate given contaminant c. If the 

above condition is not satisfied for any operation and for multiple contaminants, the contaminant with 

the highest outlet concentration is selected for adjustment; 

Step 4. To perform the adjustments required in step 3, the reference contaminant concentration 

relative to the inlet concentration of contaminant c in operation k (Kc,ref,ref) is first obtained. Then, the 

reference contaminant concentration matching the outlet concentration of contaminant c in operation 

k (Kc,ref,k) is calculated; 

Step 5. The water targets, the pinch concentration and the network structure are now simultaneously 

obtained. In the WSD diagram construction, the values of inlet and outlet concentrations are sorted in 

ascending order of concentration (X-axis) and limit flowrates Fk are represented on the Y-axis. A box 

with operation number and arrows that represent the operation flows are included as well as Δmkc is 

calculated using eq. (5) for each operation and each concentration interval. Finally, the allocation of 

external sources, eq. (14), and internal sources, eq. (15), are analyzed and constructed an optimized 

network for the minimal freshwater consumption that satisfies the following rules: i) external sources 

are used only when internal sources are not available; ii) maximum possible contaminant amount is 

transferred within the concentration interval Ci; iii) when the concentration interval changes, for 

operations present in multiple intervals, stream must flow through the same operation until its end; iv) 

water sources have to be supplied at the process inlet to avoid operation division; 

Step 6. The water network is constructed using the structure of WSD obtained in step 5. To confirm if 

there is any infringement of the original operational data, the limiting concentrations are checked. If 

confirmed, the network is adjusted, in step 7, in order to eliminate those irregularities, otherwise, the 

final network of WSD algorithm has been obtained; 
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Step 7. This procedure phase is repeated until the concentration does not exceed the maximum inlet 

and outlet values in the original extraction data. To eliminate the infringements which are compensated 

by the freshwater consumption increase or by redirecting internally the water flows, the mass balances 

are reviewed to recalculate the process concentrations; 

Step 8. After the maximum reuse network is constructed, the effluents with concentrations higher than 

the pinch are selected, in order to regenerate those wastewaters; 

Step 9. Define the post regeneration concentration and construct the WSD for regeneration and 

recycling. To recycle the effluent, it must have a concentration equal to C0, otherwise, the regenerated 

flowrate increases and the regenerator removal rate decreases; 

Step 10. Based on the results of step 9, the mass exchange network is designed, the contaminant 

concentrations are calculated for each operation and the mass transfer ratio is maintained constant; 

Step 11. To satisfy the exceeding concentration limits, two alternatives are presented: increasing 

freshwater consumption or placing a regenerator for those contaminants that do not meet the 

requirements;  

Step 12. The final network is constructed and the new regenerators removal rates are calculated using 

eq. (16), based on the concentration values for each operation, in order to obtain the removal rates for 

each contaminant; 

Step 13. For each contaminant, create a list of the available regenerators that satisfy the contaminant 

removal rates, calculated in step 12. The regenerators are selected based on the effluent treatment, 

with a removal rate equal or higher than the desired removal ratio RR for a specific contaminant. 

Kc,ref,k =
∆Cc,k

∆Cref,k
 (13) 

Fk,i
ew =

∆mkc

Ci
ul − Cew

 (14) 

Fk,i
iw =

∆mkc

Ci
ul − Ciw

 (15) 

RR =
CE − Cin,max

CE
 (16) 

3.1.6 Multi/Pseudo Pinch Point (PPP) 

Castro et al. (1999) analyzed problems with multiple pinch points, for the reuse and regeneration-reuse 

networks containing a single contaminant, in order to reduce the freshwater source requirements. The 

existence of multiple pinch points, help to design networks whose effluent treatment system costs are 

minimized and the operation split is taken into consideration while the network is designed. A new 

approach for the single contaminants has been proposed in Liu et al. (2007) to identify the source pinch 

point based on its features, followed by the freshwater target determination involving the match between 

source and demand streams. Foo (2009) reviewed the techniques developed in the last decade for fixed 

flowrate and fixed load problems with single impurities. The author analyses water reuse, recycle and 

regeneration as well as wastewater treatment operations. A slight variation of the regeneration 
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concentration that leads to the regeneration pinch point shifts, is known as pseudo pinch point (Liu et 

al., 2007). 

 

3.1.6.1 The PPP procedure 

The procedure proposed in Liu et al. (2007) comprises of 4 steps where steps 1 to 3 identify the pinch 

point whereas step 4 specifies the target calculation procedure. Figure 3.6 shows how the sources are 

allocated to demand streams. 

 

Figure 3.6. Allocation of source to demand streams  

Step 1. List the cumulative mass load of demands ∆mcumd
 and sources ∆mcums

 in ascending order of 

concentration; 

Step 2. Determine the demand interval for the source stream that meets both Pinch Source 

Concentration Condition (PSCC) where the pinch concentration occurs at the source purity (Cd,b≤Cs,p< 

Cd,a), and Cumulative Mass Load Condition (CMLC) in which cumulative mass load of source at pinch 

point ∆mcumsp
 is higher than of the demand below pinch ∆mcumdb

. If both conditions are satisfied, go 

to step 3, otherwise search for the next source; 

Step 3. For the region above the pinch point, the requirement of freshwater is checked. Return to step 

2 to get the next pinch point; 

Step 4.  Calculate the cumulative mass load of the pinch source stream that is allocated to the below 

pinch demand streams ∆mcumdb
 through eq. (17) in order to obtain the respective flowrate using eq. 

(18), and finally determine the freshwater target using eq. (19). 

∆mcumsp
= ∆mcumdb

− ∆mcumsb
 (17) 

Fsp
=

∆mcumsb

Cs,p
 (18) 

Freshwater target = ∑ Fd

d

− ∑ Fs

s

 (19) 
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3.2 Water Allocation Problem (WAP) 

The water allocation problem can be defined as the assignment of the water streams to fulfil water 

requirements of industrial operations. If the process is fed by a freshwater stream, it is known as the 

water allocation problem, whereas, if it uses streams from previous operations, it is referred to as the 

wastewater allocation problem. 

Mathematical programming and algorithmic methods have been developed by researchers in order to 

solve water and wastewater allocation problems (WAP). The evolution of the WAP literature in recent 

years can be observed in figure 3.7. Having in mind, the freshwater consumption minimization of this 

kind of problems consists in distributing streams of higher quality across the network while considering 

the interconnections between the water using processes. The following work is based on the 

transshipment concept of source allocation with a specified concentration for process units known as 

sinks. 
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Figure 3.7. Evolution of the WAP literature  

3.2.1 Concentration Potentials (CP) 

Liu et al. (2009) introduced a new concept of concentration potentials to study reusing opportunities for 

the fixed load water networks design for multiple contaminants. The order of the processes is determined 

by the lowest inlet concentration according to the source (outlet) allocation for demand (inlet) streams. 

The concentration potential concept was improved in Fan et al. (2012) by extending it for the recycle 

operations application. 

3.2.1.1 The CP Concepts 

The reuse key component (RKC) is the contaminant that ensures the maximum source reuse, that 

satisfies one unit of demand, the maximum quasi allocation amount Rs,d which is given by eq. (20) (Fan 
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et al., 2012). The concentration potential of demand, CPD(d), is defined as the possibility of the demand 

stream reusing the source stream which is calculated in eq. (21). A higher value indicates a higher 

demand stream concentration. The opportunity for the source to be reused by the demand stream, is 

reflected by the concentration potential of sources, CPS(s) which is given by eq. (22). Since the Rs,d 

value is inversely proportional to CPS, a higher value corresponds to a lower probability of the source 

be reused by the demand. Finally, the external source key component (ESKC), which is the contaminant 

whose external water source requirement is minimal, is calculated using eq. (23). 

Rs,d=
Cd,  RKC

in, max

Cs,RKC
= min

c=1,…, NC
(

Cd,c
lim

Cs,c
) (20) 

CPD(d)= ∑ Rs,d

NS

s=1
     (s≠d) (21) 

CPS(s)=
1

∑ Rs,d
ND
d=1

     (s≠d) (22) 

FFW,min =  max (
∆mk,ESKC

Cd,ESKC
out,max − Cs,ESKC

) (23) 

    

If the maximum inlet concentration of demand stream is lower than its source concentration (Rs,d <1), 

its  utilization is compensated by substantially increasing the external water source consumption, in 

order to dilute the source in the freshwater. In contrast, for situations where Rs,d ≥1, no additional external 

water is required, as the source concentration is below the maximum inlet concentration (Cd, RKC
in, max

 ≥ 

Cs,RKC). 

3.2.1.2 The CP procedure 

The procedure proposed in Liu et al. (2009), was developed to deal with fixed load operations and 

consists of the following steps. 

Step 1. Order the processes from the lowest to the highest limiting inlet concentration potential. The 

process with the lowest value of inlet concentration is performed first. For multiple processes satisfying 

the condition, a process having the lowest outlet concentration potential is fulfilled first; 

Step 2. Check if any source stream was used in the processes performed. If so, those sources are not 

considered. However, before each process is accomplished, it is required to select the available 

sources to satisfy the demand streams; 

Step 3. Choose the source with the largest value of Rs,d. If there are multiple sources with the same 

value of Rs,d, the selection criteria will be based on the highest concentration potential of the source 

(CPS). Moreover, if the reuse key contaminant (RKC) and the freshwater key contaminant (FKC), 

result in the same contaminant and if the maximum outlet concentration of process key contaminant 

is lower than the source concentration, only freshwater will be consumed. The procedure is repeated 

by choosing the next source until the demand is totally satisfied; 

Step 4. Return to step 2 until all processes are fulfilled. 
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3.2.2 Inflection Point Method (IPM) 

Yan (2015) continued the wastewater minimization work for single contaminant networks, by introducing 

the inflection point method. In order to evaluate the effectiveness of the proposed approach, the 

minimum freshwater, the regenerated flowrates and the economic results are compared with those 

achieved in the literature for the water pinch analysis and the mathematical programming methods. 

3.2.2.1  The IPM Method 

The method starts by determining the minimum freshwater flowrate FFW,min and by sorting Cin,max and 

Cout,max in ascending order. Based on the relation between the limiting concentration of process k (Ck
max) 

and the outlet concentration from regeneration CRO, the process is grouped into the following sets: 

Set A: Process is above CRO (CRO < Ck
in,max) which means the regenerator has removed all contaminant 

to an admissible value so reusing water is possible instead of consuming external water sources; 

Set B: Process is below CRO (Ck
out,max < CRO) which means that in the regenerator, there is mass 

transfer for water stream with increasing pollutant concentration, which leads to a higher freshwater 

consumption; 

Set C: Process is crossed by CRO (Ck
in,max ≤ CRO ≤ Ck

out,max), means that the wastewater from set C 

cannot be used for inlet streams satisfaction due to its higher concentration than the maximum 

allowable. The wastewater from set B and freshwater FFW are to be mixed, at the operation entrance, 

to give the mixed flowrate amount Fmix where the concentration Cmix is reduced to the value of CRO as 

seen in figure 3.8. 

 

Figure 3.8. Process split in set C by CRO (Yan et al., 2015)  

3.2.3 Internal Water Main (IWM) 

A new design methodology is proposed in Wang et al. (2003) for water networks with multiple 

contaminant streams and single internal water main. The authors introduce the concept of water saving 

factor which corresponds to the freshwater quantity saved in the process for each water unit, used from 

the internal water main that is the internal pipe in a water supply system. The water main location is 

considered due to its contribution for maximum water saving potential in chemical plants when 

operations involve many process units. The allocation problem was modelled by Zheng et al. (2006) 

with LINGO software, by using NLP formulation that is converted into a MINLP, limiting the number of 

outlet streams from each operation and by using binary variables to represent the complex interactions 

among process units. Mathematical models can be used for single and multiple contaminants with 

multiple water mains in order to improve the water saving factor. 
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To cope with the water allocation inefficiencies, an heuristic rule is introduced by Ma et al. (2007) in 

order to equally distribute water flowrates amongst the process units. This approach is used to deal with 

single and multiple contaminant water networks, where the structure complexity necessary to meet 

freshwater consumption requirements can be chosen by the designer. Su et al. (2012) later improved 

these methodologies by using the concentration potential method from Liu et al. (2009) for the multiple 

contaminant networks with single water main. The concentration potential method is used to obtain a 

conventional network, where one internal water main will be added to obtain the initial structure. Finally, 

the amounts to be allocated in the initial network, are adjusted in order to get the final network. 

3.2.3.1 IWM Concepts 

The internal water main is a deposit that receives water from the operations with lower outlet 

concentrations, stores the water at uniform concentrations, and then ensures the water supply for 

processes with higher inlet concentration (Wang et al., 2003; Zheng et al., 2006). The water saving 

potential is the amount of water saved which is given by the difference between the maximum and 

minimum water flowrate ΔFFW. The key contaminant is defined as the contaminant that allows to 

maximize the mass load transfer of contamination (Ma et al., 2007). 

3.2.3.2 The IWM procedure 

Wang et al. (2003) presents a design procedure for networks, which comprises of the following 

sequential steps: 

Step 1. The internal water main concentration is determined. The higher the concentration, from more 

process units water can enter internal main, therefore, it is only possible to supply a few operations. 

This step starts by calculating the minimum freshwater amount required, using eq. (24), and obtains 

the maximum water saving potential.  

Step 2. For a serial number (nk,c) determination, contaminants present in each process are registered 

as shown in table 3.4. For each contaminant and process, the maximum outlet concentration is used 

for setting the process execution sequence. For each process, the contaminants are sorted in 

ascending order of their concentration. Considering the example in table 3.4, in case of contaminant 

2 where C1
out,max = 400, C2

out,max = 12500 and C3
out,max = 45, the contaminant order will be n1,2=2, n2,2 

=3 and n3,2 =1. The product of serial number Rk for each process will determine the operation 

sequence, where the processes will be ordered in ascending order of the Rk values. Hence, the order 

of the processes will be 1-3-2. According to this sequence, are calculated the required freshwater 

flowrate FFW,max, its cumulative absolute value in the process unit sequence Fcum
FW  given by eq. (25) and 

the maximum water saving potential.  

     Table 3.4. Performing operation sequence (adapted from Wang et al. (2003)) 

Process 1 2 3 

Contaminant 1 2 3 1 2 3 1 2 3 

Cout,max 15 400 35 120 12500 180 220 45 9500 

nk,c 1 2 1 2 3 2 3 1 3 

Rk = πc nk,c 1*2*1 = 2 2*3*2 = 12 3*1*3 = 9 

Sequence 1st  3rd  2nd  
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Step 3. In this step, the water saving factor is calculated for each unit process. This takes zero value 

if Cin,max=0 for one or more contaminants or Cout,max≤Cc
M for all contaminants. For other pollutants, eq. 

(26) gives the water saving factor (ηk), eq. (24) expresses the maximum freshwater flowrate required 

by unit process and eq. (5) gives the mass load of contaminant c at process k. In the second case, if 

the maximum inlet concentration Cin,max is equal to or greater than the internal water main concentration 

Cc
M for all contaminants, the flowrate from internal water main will be expressed by eq. (27) as no 

freshwater flowrate is needed (FFW = 0). On the other hand, if Cin,max is inferior to Cc
M for one or more 

contaminants, the flowrate from the internal water main will be given by eq. (28). 

Step 4. A general water network is constructed, where the vertical lines divide the freshwater, the 

internal water mains and the wastewater in ascending order from left to right. Create a box with the 

process number, in order to position between the water mains, with arrows to represent the inlet and 

outlet streams of each unit process. 

Step 5. The freshwater and the internal water main flowrates are allocated to the process units. If 

Cin,max≥Cc
M verified, for all contaminants, the cumulative flowrate of internal water main is computed 

using eq. (29) and the values are written below each vertical line. 

 

Fk
FW,min =

Δmkc

Ck,c
out,max 

(24) 

Fcum
FW = ∑ FFW,max

l

i=1

 
(25) 

ηk =
∆FFW

FM
 (26) 

FM =
Δmkc

Cout,max − Cc
M

 
(27) 

FM =
Cc

M ∗ Δmkc

Cin,max ∗ ∆Cmax
 (28) 

Fcum
M = FM,in − FM,out 

(29) 

Zheng et al. (2006) provides the objective function eq. (7) subject to the mass balances for operations 

with no water losses (Fin = Fout) and for internal water mains. The mass transfer restrictions are included 

at the mixing point, for the process unit and for internal water main. The inlet, outlet and water main 

concentrations are subjected to limiting concentrations. The model also includes non-negativity variable 

constraints. In the MINLP model, the binary variables (yk,m and yWW) are added to account for the system 

interactions. Figure 3.9 represents the flows entering and leaving the operation and the internal water 

main. 

         

Figure 3.9. Water network flows with water mains (Zheng et al., 2006)  

The network design with the internal water mains presented in Su et al. (2012), follows a procedure 

where a conventional network is designed by using the algorithm from Liu et al. (2009). This means that 

in step 1, a network without any internal water main is obtained first. In step 2 is calculated, the gaining 

Internal 
water main 

Operation 
Fk

FW 
 

Fm,k
M  

 

Fk
WW 

 
Fk,m 

 

Fk
FW 

 
 Fm−1,m

M  
 
 

Fm,m+1
M  

 

Fm,k 
 



28                                                                                                 CHAPTER 3. Literature and Methodology Review 

 
 
 

amount FGa
M  for water main using eq. (30) which is the value needed for step 3, to develop the initial 

network with water main inclusion with a factor (δ) defined by the designer which is 65% in this paper. 

According to the water main source selection procedure, the minimum freshwater is calculated by eq. 

(24), sources are sorted in ascending order of CPS values, and is obtained the inlet concentration of the 

internal water main as given by Eq. (31). Water is allocated from freshwater and internal water main, for 

those processes having the highest CPS values in the network, as shown in figure 3.10. In step 4, the 

design is complete if the amount of the water main to be adjusted, eq. (32), is within the allowable range 

defined by the designer, otherwise, the water amount and the concentration of those water mains are 

adjusted according to eq. (33). 

  

Figure 3.10. Sources allocation for internal water and wastewater main (adapted from Su et al., 2012) 

While adjusting streams, there is a need to evaluate the shortage or excess of water amount in the 

internal water main. In the first case, source stream with the highest CPS value Sp is added to the water 

main and if still exists water demand, the next source will be the one with the lowest CPS value Sp+1. 

For the second case, water surplus amount is solved by reducing the stream with the highest CPS value 

Sp. If still exists excess of water, the following source Sp-1 is reduced. 

 
FGa

M = δFTotal
FW  

(30) 

Cc
M =

∑ ∆mkc + γ∆mSp,c
p−1
k=1

FGa
M  

(31) 

Fadd
M = FGa

M − FM 
(32) 

∆Fad = FGa,i+1
M − FGa,i

M =
Fadd,i

M

FM′
 (33) 

 

3.2.4 Mathematical Programming 

An integrated system for a petroleum refinery is presented in Takama et al. (1980). The mathematical 

model minimizes the total network cost by maximizing water reuse, subject to the relationships between 

the process and the wastewater treatment units. The optimization model is divided into a planning 

problem (determination of optimal water allocation) and a design problem (optimal process conditions 

for a given allocation). The wastewater treatment problem is also researched in Bagajewicz (2000) and 

a mathematical model presented, where the freshwater and wastewater reuse allocation are analyzed 

by considering integrated energetic solutions and a zero effluent discharge policy. Dunn et al. (2001) 

developed a nonlinear model for mass integration design with multiple contaminant streams, in order to 
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minimize the wastewater discharged, while its recycled amount is maximized based on the wastewater 

shipment (sources) to water processes (sinks) consumption. The optimal allocation is illustrated and 

evaluated for different process scenarios in a land irrigation case study, restricted by land availability 

and total wastewater flowrate constraints. 

The design of optimal wastewater treatment systems is studied in Castro et al. (2007) using a LP and 

NLP mathematical formulation to determine the global optimal solutions. Here, the first part of the 

optimization is to obtain the starting points for the nonlinear model, where multiple starting points are 

allowed since all treatment sequences are analyzed. NLP and MINLP models are developed in Li and 

Chang (2007) as an initialization strategy to solve and optimize multiple contaminant networks by 

incorporating all flow configurations. Design approaches are classified as sequential or simultaneous 

procedures. For this procedure, a mixing node is placed before each process unit and wastewater sink, 

whereas a splitting node is placed after the water using units and freshwater source. 

Teles et al. (2008) proposed a strategy to generate different network structures for multiple contaminants 

where all possible operations sequences are considered. To achieve partial freshwater minimization, all 

operations from each sequence are treated individually by following the sequence order that are 

represented by a succession of LP formulations that generate the starting points for the NLP model in 

order to substantially reduce the computation effort. Water allocation is modelled in Gouws and Majozi 

(2008), to account for multiple storage vessels in a multiple contaminant environment with mixing 

possibilities, subject to unit mass balances, storage mass balances, task scheduling and storage 

sequencing which is the first part of the formulation. The second part of MINLP model includes 

constraints for zero effluent discharge operation with wastewater feed reutilization. 

Majozi and Gouws (2009) present two options for wastewater minimization in the presence of multiple 

pollutants presence, with and without a dedicated reusable storage, based on the production scheduling 

developed through reuse and recycle. In the first option, water is used whenever it is needed by 

processes while in the second option, water is directly reused. The method starts MINLP formulation 

linearization which is solved to provide the starting points for exact MINLP model. The branch-and-

bound algorithm is used to compute the optimal solution lower bound through linear programming 

relaxation of the original problem. The need for water pre-treatment unit was introduced in Faria and 

Bagajewicz (2010), to form a complete water system. The authors study the impacts of water structures 

designed in freshwater consumption, annual costs and zero liquid discharge cycles. This means that 

the regenerated water will be collected from wastewater treatment back to a pre-treatment unit. 

Later, Karthick et al. (2010) propose a procedure for multiple contaminants streams recycle to design 

an integrated system of WSD and effluent distribution (EDS) network leading to zero effluent discharge. 

A state-space approach is used to decompose the network into operator networks, more specifically, 

the process unit exchange operations, a distribution network where streams are mixed and split, and a 

treatment system. A hybrid approach is used to design the candidate network, using graphical tools 

which are followed by a MINLP formulation that optimizes the total network flows. The method 

application is illustrated using an oil refinery wastewater network optimization from Gomes et al. (2007). 

A linear programming model is developed in Handani et al. (2012), for streams with single contaminant, 
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to determine the maximum water recovery targets and design the minimum water network. Two case 

studies, one urban and the other industrial, are illustrated involving respectively, a mosque and an 

acrylonitrile process. 

3.2.4.1 Concepts 

The penalty function was introduced by Takama et al. (1980), in order to eliminate the model inequations 

by transforming them into a series of problems with equalities. Product integrity is ensured by not 

allowing different types of wastewater mixing, where each type of wastewater is stored in a dedicated 

vessel (Li et al., 2007). The effluent distribution system is defined as a set of treatment units capable of 

handling effluents at a specific flowrate and concentrations, with the opportunity to mix sources and 

distribute along each treatment unit, and attain the minimum flowrate discharged (Karthick, 2010). EDS 

construction is similar to WSD except that concentrations are ordered in a descending order since it is 

a treatment network. 

3.2.4.2 Formulation 

Dunn et al. (2001) propose a regeneration system design to minimize the wastewater discharge which 

is given by eq. (34), subject to the material balance and contaminant constraints of sources, eq. (35), 

and sinks, eqs. (36)(37), and the non-negativity constraint (Fs,d ≥ 0). 

Min Z = ∑ FD

NS

s=1

 
(34) 

FWW = ∑ Fs,d

ND

d=1

+ FD 
(35) 

∑ Fs,d

NS

s=1

≤ Fd 
(36) 

∑ Fs,d
NS
s=1 xs,c

Fd
≤ yd,c

max 
(37) 

FFW,min =
∆mk,c

Cout,max
 (38) 

The initialization procedure is presented in Li and Chang (2007) and shown below, where steps 1 to 4 

consider the LP models and step 5 is for the MINLP formulation.  

Step 1. Minimal freshwater requirement is calculated in eq. (38). For each process unit, the maximum 

amount of external water source consumed, provides the maximum value for FFW,min which is the initial 

guess for the NLP model; 

Step 2. Set the initial guesses of the outlet contaminant concentration of process k (Ck,c
out) as its 

maximum value Ck,c
out,max and the flowrate going from k-1 to k process unit (Fk-1,k); 

Step 3. The initial guesses of the total freshwater need FTotal
FW , the flowrate entering process k (Fin), the 

flowrate going out of process Fout, the wastewater flowrate FWW and the inlet concentration of 

contaminant c for process k are determined based respectively on the flow balance at the source 

splitting node, at the mixing node, at the water using unit and the concentration balance at the mixing 

node before entering a process unit; 
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Step 4. Since it was assumed that all contaminants reach their maximum value after being in a process 

subjected to mass transfer, which is not true for all contaminants, the initial guess of Ck,c
out needs to be 

calculated based on the concentration balance for the water using units; 

Step 5. Binary variables for freshwater yFW, wastewater yWW and the source allocation between 

process units yk-1,k are initialized and considered equal to 1. The upper bound for the maximum Fk−1,k
max  

and maximum wastewater FWW,max are defined, by taking into account the losses (FL = Fin-Fout). 

The objective function for minimizing the amount of wastewater generation taken from Majozi and 

Gouws (2009), is achieved using a flexible operations schedule, subject to restrictions for water balance 

at the inlet, at operation and at the outlet of process unit as well as the outlet concentration and inlet 

water mass which may not exceed the maximum allowable values. Karthick et al. (2010) present a 

model whose constraints are the mass balance around each splitter and mixer, mass transferred in each 

mass exchanger, mass balance at each exchanger and a possibility of matching between rich and lean 

streams and the split ratio in the exchanger. 

3.2.5 Nearest Neighbour Algorithm 

A targeting method is proposed by Prakash and Shenoy (2005) for fixed flowrate and fixed load 

operations analysis with single contaminants networks. The method consists in plotting the source and 

demand composite curves with the stream flowrate on the X-axis and the contaminant load on the Y-

axis. For process units below the pinch point, stream requirements are satisfied by freshwater, 

otherwise, the cleanest available stream is chosen. The trade-off between the capital invested in the 

network design and the operational costs which are related to the network complexity, and the total 

water flowrate requirement are taken into account. The algorithm was enhanced by Shenoy (2012) to 

address the local recycling for fixed load problems with single contaminants in an alumina plant. 

3.2.5.1 Concepts 

The algorithm follows the principle that to satisfy water demand, the cleaner and dirtier sources are 

mixed and the source concentrations chosen are the nearest available neighbours to the demand 

concentration. 

3.2.6 Optimality Conditions  

Savelski and Bagajewicz (2000)  present the conditions for the optimal water allocation network with 

single contaminant, considering the wastewater reuse opportunity in petroleum refineries and other 

process plants. In the model, water reuse maximization of total system is taken into account as well as 

the water splitting. The monotonicity condition stated in Savelski and Bagajewicz (2000) is proven only 

for the key components. For any optimized system and process consuming freshwater, there is at least 

one of the contaminants that reaches its maximum outlet concentration value. This work is later 

extended in Savelski and Bagajewicz (2003) for multiple pollutants. Gómez et al. (2001) studied the 

alternatives for water distribution with only one contaminant. To account for possible networks, the 

authors include parameters such as the distance between the processes, control strategies, corrosion 

and the capacity limitation in processes when allocating water.  
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3.2.6.1 Concepts 

Savelski and Bagajewicz (2000) define the following concepts of water using processes and the 

wastewater providers. 

Freshwater user process: freshwater consumers with the possibility to reuse wastewater. If water 

using units are fed solely by freshwater, those units are called the head processes; 

Wastewater user process: operations consuming exclusively wastewater. The processes are fed 

and supplied from operations producing wastewater to other processes known as intermediate 

wastewater user processes. However, if the wastewater is discharged by a process to a treatment 

unit, instead of feeding other water using units, it is called a terminal wastewater user process; 

Partial wastewater providers: these are processes whose wastewater is partially reused by other 

processes and the other part is sent directly to a treatment unit. A process reusing totally the 

wastewater received by other processes is named as total wastewater providers. 

3.2.6.2 Methods 

Gómez et al. (2001) present three considerations for the wastewater streams allocation, comprising of 

source allocation from mixers, lower quality streams and use first the cleanest water stream. The authors 

present some advantages and disadvantages for each of the considerations mentioned above. The 

simplification of calculation for the water allocation and the lack of any need to sequence the process 

are the main advantages for mixing. However, the flows mixture containing different contaminant levels 

degrades the purest and cleanest water which is the principal disadvantage. For the wastewater 

allocation, the higher the quality, the lower the freshwater required to fulfil mass transfer operation due 

to the possibility of reusing streams. This reduces the operational costs and the capital invested since it 

is directly proportional to the flowrate.  

Savelski and Bagajewicz (2003) propose some optimality conditions following a sequence of theorems 

as written below. 

Theorem 1: Necessary condition for key contaminant concentration decreasing monotonicity; 

Theorem 2: Necessary condition for maximum concentration for head processes; 

Theorem 3: Necessary condition for maximum concentration for intermediate processes. 

Focusing on theorem 1, there is a process for which the partial wastewater provider definition is satisfied. 

The key component outlet concentration for wastewater arising from multiple processes has to be equal 

or lower than the previous identified key contaminant outlet concentration for all partial wastewater 

providers, in order to satisfy the optimality condition and achieve the optimal network freshwater 

consumption. A non-key contaminant concentration increases whereas several processes use the 

flowrates. Network infeasibilities created for the new concentration values, affecting the subsequent 

operation’s performance, lead to feasibility conditions application, such as the network feasibility 

recovery for flowrate reuse and ensure that its value is feasible. According to theorem 2, if partial 

provider head process has the key contaminant outlet concentration lower than its maximum value, 

then, the solution for the water and wastewater allocation problem obtained is optimal. The third 
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optimality condition requirement is imposed by theorem 3 to safeguard the outlet concentration of one 

or more contaminants, from intermediate wastewater process, to achieve their maximum value. 

In this chapter, the literature on water management has been classified and reviewed in two groups: the 

water pinch analysis and the water allocation problem. The first group presents literature on the 

composite table algorithm, mathematical programming, water surplus diagram, water cascade analysis, 

water source diagram and others. In the second group, the literature included methods such as 

concentration potentials, inflection point method, internal water main, mathematical programming, 

nearest neighbour algorithm and others. It is observed that some approaches are more adequately to 

deal with fixed flowrates and others for fixed load problems.  

Process integration helps to improve the water usage efficiency, and consequently, to generate water 

savings of around 25-40%. The main goal is to reduce freshwater and regenerated flowrate by 

implementing different water minimization strategies, such as, reutilization, regeneration-reuse and 

regeneration-recycle. Some authors study the threshold problems such as the zero network discharge 

with freshwater, the wastewater generation without freshwater and the zero freshwater with zero effluent 

discharge. The water allocation problems achieve the desired purity using internal water mains for a 

better water distribution. 

Finally, the principal concepts of the methodologies concerning the freshwater and wastewater user 

processes, the types of operations and the water minimization network strategies have been addressed. 

In the following chapter, will be defined the methodology to implement in the software. Hence, the 

methodologies will be compared with respect to the results, advantages and disadvantages. This will 

help define the criteria for method selection, so as to identify the approach that has a better trade-off 

between the minimal consumption target values and the graphical tool. A methodology will be selected 

to develop for single and multiple contaminant problems, considering its good chances of acceptance 

to industry experts. 
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CHAPTER 4. Development Methodology Selection 

The methodologies to solve the single and multiple contaminant network problems have been presented 

in chapter 3. In this chapter, these methodologies are critically analyzed with regards to the advantages 

and disadvantages for each method, resulting in the selection of the most adequate method for the 

software implementation. 

4.1 Problem statement and Software goals 

The industrial contaminated water network management problem can be defined as follows:  

 Given one or many industrial plant processes that use fresh water to reduce the concentration 

of one or more contaminants; 

 Determine the mass exchange network ; 

 So as to minimize the freshwater consumption and wastewater generation  

 Subject to input and output contaminant concentration bounds, and water inflow and outflow 

constraints for each process; 

 Considering the fresh water source and the reutilization of contaminated water.  

The purpose of the Master Thesis is to develop an industrial contaminated water network management 

software tool that implements a contaminant water network management methodology, in order to 

provide this utility to a major number of industries. The software should be user friendly and intuitive to 

use, in order to facilitate the understanding of the method as well as to present the application outputs 

graphically so as to clearly identify any existing errors. To increase the applicability of the software, it 

should efficiently deliver the target values and provide the flexibility to deal with single and multiple 

contaminants, for fixed load and fixed flowrate operations, covering as many different network structures 

as possible. 

4.2 A discussion on modeling approaches 

The solution methods presented in chapter 3 are divided into graphical and mathematical models. The 

methodologies for the water network problems resolution depend on the parameters used such as the 

admissible complexity level, the graphical view and the computation time. In order to select the approach 

that better fulfils the software objectives, are presented below in table 4.1, the advantages and 

disadvantages of the graphical and mathematical models. 

     Table 4.1. Comparison of graphical and mathematical methods 

Techniques Advantages Disadvantages 

Graphical 

methods 

 The graphical representation, for 

instance, the limiting composite curve 

is a good method for determining the 

mass exchange alternatives (Castro et 

al., 1999); 

 The methods are not well 

developed to deal with 

multidimensionality of 

multiple contaminants; 

 They are inadequate to 

present greater detail of 
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 They are simpler to verify the results 

due to information transparency; 

 They provide a compact manner to 

convey information since the data is 

presented in a single diagram or 

flowsheet; 

 They are more intuitive and easier to 

understand than the mathematical 

models; 

 The flowrate constraints are considered 

in the final stage of the design (Castro et 

al., 1999). 

information for complex 

water networks; 

 Some graphical methods, for 

instance, the water surplus 

diagram are monotonous and 

time consuming for the pinch 

point determination (Liu et al., 

2007). 

Mathematical 

methods 

 Higher complexity problems can be 

adequately handled; 

 The search space and computation time 

are significantly reduced with this 

practice (Li and Chang, 2007); 

 Rigorous results are obtained in 

mathematical models when compared 

to graphical models; 

 There is a focus on the most essential 

features with abstraction of the non-

essential features; 

 The multidimensionality required for 

complex water distribution systems are 

easier to be incorporated (Majozi and 

Gouws, 2009); 

 Good accuracy and global optimality are 

provided; 

 Simultaneously optimization of the 

targeting and the design is possible. 

 Loss of information as these 

models are simplifications of 

the real system; 

 As the problem complexity 

increases, the mathematical 

models may tend to be 

incomplete and key aspects 

of real systems may be 

inadequately treated; 

 Mastering the technique 

requires a lot of time; 

 The water network designers 

have little control over the 

solution space; 

 Uncertainty is spread in the 

model since it is dependent 

of the input data (Gomes et 

al., 2013; Hallale, 2002); 

 Network visualization is slow 

due to lack of visual tools; 

 The model calculations and 

final results are more difficult 

to understand; 

 It’s adequateness depends on 

the model characteristics and 

on the problem design; 

 The real system model 

changes will directly affect the 

solution quality. 

4.3 Modeling approach selection 

The sizes and capacities of industrial plants are proportional to the operational complexity and the 

industry’s design and optimization. Moreover, the workers from small, medium and big industrial 

companies have different educational backgrounds which influence their preference for a particular type 

of approach. The workers with higher education can deal with both approaches, mathematical and 

graphical, while the workers with lower educational levels are able to monitor the results and hence, 

have higher sensibility for graphical approaches. In order to access the preference between the two 
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modeling approaches presented, a set of performance criteria that is defined below, in decreasing order 

of preference.  

 The visual component must help any worker to quickly identify the targets, identify any 

abnormality and visualize the total network and flows. 

 The accessibility to check the results corresponds to the degree that the user can quickly verify 

any abnormality in the flows and on the contaminant mass transfer; 

 The facility to create scenarios is related to the speed that the water network is generated after 

the changes are introduced in the original network; 

 The real model simplification involves dealing with the key network aspects without reflecting all 

the aspects needed for water network construction; 

 The capacity to deal with multidimensionality is related to how good each approach can deal 

with multiple contaminants; 

 The computation time determines the time required to obtain the results; 

 

The performance criteria is now used to evaluate the two alternatives, as presented in table 4.2. 

Table 4.2. Performance evaluation for criteria based approach selection 

Criterion 

v/s 

Approach 

Easiness 

to check  

results 

Computation 

time 

Multiple  

dimension 

adequateness 

Ease for 

scenario 

creation 

Simplification 

of real world 

problems 

Visual 

component 

Graphical X   x  x 

Mathematical  x x  x  

 

As can be seen, both approaches have their advantages, however, the preference for visual methods 

allows the workers to perceive what is happening to the process flows, which is more important than for 

instance the computation time to obtain the results. Although the computation time is inferior for the 

mathematical models, since the objective of the thesis is to develop a user friendly software, this time 

limitation for the graphical model must be overcome. It should be mentioned though that both 

approaches can handle multidimensionality and be used to simplify real world problems. Moreover, 

among the graphical approaches, some can time efficiently solve multiple dimension problems by 

simplifying its representation. 

Based on the comparison in table 4.2 and reinforced by the principal objectives, that the software must 

be visual and easy to understand, the graphical methods is chosen to be the better approach to follow. 

However, the software should be developed so as to improve the handling of multidimensionality and 

real model simplifications using graphical and visual features. 
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4.4 A comparison of methodologies 

As the decision has been made for the visual approaches, we now focus on the scope of the thesis, 

which is to reduce the freshwater consumption for multiple contaminant water networks. To bring into 

perspective, we present an analysis of the advantages and disadvantages for the methods that may be 

applied to single as well as multiple contaminants. For the sake of completeness, the analysis will 

include a comparison of methodologies for continuous plants steady-state operation as presented in 

table 4.3 (composite table algorithm, water surplus diagram, water source diagram) and those for batch 

plants as presented in table 4.4 (concentration potentials, internal water main). 

     Table 4.3. Comparison of methodologies for continuous plants steady-state operation 

Methodology Advantages Disadvantages 

Composite 

table algorithm 

 It is easy to extend the method, to 

cope with various water network 

synthesis problems, such as, 

multiple utilities, regeneration-reuse, 

regeneration-recycle, reuse and 

regeneration problems for hydrogen 

networks. (Agrawal and Shenoy, 

2006; Parand et al., 2013)  

 It is a graphical and numerical 

targeting combination. 

 Besides being non-iterative, it does 

not require any initial guess. 

(Agrawal and Shenoy, 2006; Parand 

et al., 2013) 

 Less computational effort is 

required. 

 It does not require any complicated 

plots or transferring of data from one 

plot to another. (Agrawal and 

Shenoy, 2006; Parand et al., 2013) 

 It can be used to target hybrid 

problems involving both FF and FC 

units. (Agrawal and Shenoy, 2006; 

Parand et al., 2013) 

 It can thus deal with water losses 

and gains, with units having multiple 

water streams, as well as with units 

having fixed contaminant loads.  

(Agrawal and Shenoy, 2006; Parand 

et al., 2013) 

 The procedure is tedious since it 

is necessary to construct a 

diagram for each pollutant in the 

limiting composite curve. 

Water surplus 

diagram 

 It can be used as a targeting method 

for re-use with single or multiple 

water sources. (Castro et al., 1999)  

 It can deal with larger water using 

operations. (Hallale, 2002)  

 This representation is closer to the 

heat composite curves and is, 

therefore, more familiar to users of 

the original pinch analysis. (Hallale, 

2002) 

 The procedure is tedious due to 

many calculations required. 

(Hallale, 2002)  

 The diagram drawing is time 

consuming since the pinch point 

and water targets are located by 

the trial and error method. 

(Merdadi et al., 2009; Manan et 

al., 2004)  

 If the stream mixing is incorrectly 

identified, the targets could be 
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 It has the ability to handle mass 

transfer and non-mass transfer 

operations for reuse and recycle. 

(Hallale, 2002)  

 It is easier to deal with water losses 

and gains without complex graphical 

constructions. (Hallale, 2002)  

 It allows for modelling of operations 

with several aqueous inlet and outlet 

streams as well as those with only an 

inlet aqueous stream or only an 

outlet aqueous stream. (Hallale, 

2002)  

higher than the minimum 

freshwater and wastewater 

flowrates. (Hallale, 2002)  

 It is not suitable for analysing 

multiple contaminants 

simultaneously. (Hallale, 2002) 

 In this methodology, there is a 

dependence of two graphs to 

satisfy the flowrate and the 

composition for the source-sink 

structure. (Hallale, 2002) 

 It is only suited for networks with 

freshwater target flowrate 

targeting with zero concentration, 

i.e., 100% purity. 

 Another weakness is in the 

estimating of minimum water 

utility. (Merdadi et al., 2009) 

Water source 

diagram 

 Achieves less confusing 

representation of operations and 

water streams. (Castro et al., 1999)  

 It can be used as a targeting method 

for re-use with single or multiple 

water sources. (Castro et al., 1999)  

 Fewer intervals need to be 

considered as concentration intervals 

are used instead of mass intervals. 

(Castro et al., 1999)  

 Flowrate constraints need only to be 

considered in the final design stage. 

(Castro et al., 1999)  

 The water source diagram offers a 

flexible and dynamic alternative for 

the generation of different scenarios 

for the water management networks, 

with the reduction of water 

consumption. (Souza et al., 2009)  

 It is simple to apply in a large variety 

of process features. (Gomes et al., 

2007)  

 Hand calculations can be done by 

process engineers. (Gomes et al., 

2007) 

 The flowsheet created, allows for 

calculating the effluent treatment 

system costs. (Gomes et al., 2007) 

 In the water source diagram 

methodology, the cost was not 

considered as an objective 

function. (Souza et al., 2009)  

 The cost objective function can be 

calculated after the streams 

distribution within the process. 

(Souza et al., 2009)  

 Based on the literature review, it 

was only applicable to mass 

transfer based operations which 

constitutes a disadvantage. 

However, a recent paper (Silva 

Francisco et al., 2015), proves its 

applicability for the non-mass 

transfer operations. 

 
     Table 4.4. Comparison of methodologies for batch operating plants 

Methodology Advantages Disadvantages 

Concentration 

Potentials 

 A good design is obtained in a non-

iterative way. (Su et al., 2012; Liu et 

al. 2009)  

 It is difficult to determine the 

concentration order for multiple 

contaminant streams. (Liu et al. 

2009) 
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 The freshwater targets determined 

are close to the minimal values. 

(Liu et al. 2009) 

 The optimization efficiency can be 

increased as the network taken as 

the initial point is already optimized. 

(Liu et al. 2009)  

 It is capable to deal with fixed 

flowrate and fixed load operations 

for reuse and recycle strategies. 

(Su et al., 2012)  

  It works with a simple network 

design structure. (Liu et al. 2009) 

Internal water 

main 

 Simplify the water networks 

structure. (Zheng et al., 2006)  

 Helps attenuate the propagation of 

disturbances through the more 

complex water networks. (Zheng et 

al., 2006) 

 When the concentrations of the 

contaminants in the internal water 

mains are controlled using 

freshwater, disturbances from the 

process units are more easily 

rejected, thus having less negative 

impact on process units downstream.  

(Zheng et al., 2006) 

 Networks with simple network 

structure, involving internal water 

mains are normally more flexible to 

control and operate. (Zheng et al., 

2006) 

 Applied successfully for multiple 

contaminants in water system 

integration of industrial chemical 

plants. 

 Because the process units are not 

connected to each other, 

concentration disturbances in any 

process unit are buffered by an 

internal water main and are not 

transmitted directly to the other 

process units.  (Zheng et al., 2006) 

 Good initial estimation can reduce 

the calculation effort. 

 Mass exchange network synthesis 

can prevent water disturbance 

propagation before analysing 

equipment design and controllability. 

 Integrated water using networks 

can have lower flexibility and be 

more difficult to control for large 

water using systems. (Zheng et 

al., 2006)  

 After the reassignment of water 

sources to water sinks, the mass 

balance of some internal water 

mains have to be determined 

again, thereby increasing the 

computation time. (Ma et al., 

2007)  

 The water saving factor may not 

express the efficiency of the unit 

process that is reusing water from 

the internal water main to save 

freshwater. 

 The use of the water saving 

factor, for water allocation in each 

internal main, cannot ascertain 

that the total freshwater 

consumption is minimal. (Ma et 

al., 2007)  

4.5 Methodology selection 

The main elements and analysis for the selection of the methodology have been presented, with a 

special focus on the software objectives defined. In the literature review, the aim was to exhaustively 

cover the techniques that may be applied to continuous plants, assuming a steady-state operation, and 
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also those suitable for batch plants, where sources and sinks occur at different points in time thereby 

requiring water storage and proper scheduling of the activities. As can be observed the techniques for 

continuous plants and batch plants are considerably different and as such it is now necessary to focus 

the development in one direction. Hence from this point onwards we will restrict to the continuous plants 

considering steady-state operation, which will also guide our selection of the adequate methodology to 

be implemented in the software tools.  

The composite table algorithm provides the benefits of less computational effort, independence of the 

initial guess and is suitable for different water minimization strategies, such as reuse, regeneration-

reuse and regeneration-recycle. However, it is a tedious procedure since it is required to construct a 

diagram for each pollutant in the limiting composite curve, determining that it is not the most benefiting 

method to users.  

The water surplus diagram is more familiar to users who previously worked with the heat composite 

curve and it is able to deal with the fixed load and fixed flowrate operations for reusing and recycling. 

The main drawback consist of the time required to draw the diagram to identify the water targets and 

the pinch location, the incorrect stream mixing identification leads to higher target values than the 

minimal and the method is only convenient for water with 100% purity which excludes its applicability to 

processes with recycling and reusing operations.  

The water source diagram has major advantages, specifically the consideration of the flowrate 

constraints in the final design stage which has significant computational time savings. Besides, it is 

flexible for the scenarios generation for all the water minimization strategies and can be adequately used 

to calculate the effluent treatment system costs. The initial limitation regarding the software goals 

regarding the incapacity to deal with the fixed flowrate problems can also be overcome. Based on the 

analysis of the presented methods, the water source diagram is considered to be a better method to 

implement in the software tool due to its versatility and ease of use. It is simple to apply, easy to 

understand, works with fixed load and fixed flowrate operations and is used in most industries. 

Based on the literature review and the current discussion, it is identified that the proposed software must 

generate some key charts and visual components for ultimate use by plant operators, more specifically, 

the Cascade Table, the Water Source Diagram, and the optimized Mass Exchange Water Network. 

In the following section, will be presented two illustrative examples taken from the literature so as to 

guide the software development and validation process of the proposed contaminated water network 

management tools.
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CHAPTER 5. Industrial Case Studies 

In this chapter, are taken two examples from the literature in order to study the methodologies from 

Gomes et al. (2007, 2013) for the single and multiple contaminant problems. The water source diagram 

(WSD) is applied for the following case studies in order to present the results at each step and the 

percentage of water saved. Once the WSD values have been obtained, is explained the construction of 

the water mass exchange network (MEN). The strategies that have been introduced in chapter 3 such 

as the reutilization, the regeneration-reuse, the regeneration-recycle and the water losses will now be 

thoroughly analyzed in the following sections. 

5.1 Single contaminant 

The first example to be illustrated has been taken from Relvas et al. (2004) which has four water 

consumers containing only one contaminant as shown in table 5.1. The algorithm in Gomes et al. (2007)  

is then presented in detail in the subsections that follow. 

Table 5.1. Limiting operational data from Relvas et al. (2004)  

Operation Cin,max (ppm) Cout,max (ppm) Limiting flowrate (t/h) 

1 15 200 48 

2 50 300 35 

3 125 350 12 

4 250 450 70 

5.1.1 Integration absence 

Industrial processes are characterized by their production of high levels of water pollution. 

Consequently, the absence of an integration strategy leads to the consumption of huge amounts of 

freshwater in order to remove the specific fluid contamination. The method as illustrated in figure 5.1, is 

divided into two phases: the targeting and the design of the mass exchange network. The absence of 

an integration methodology, leads to the consumption of freshwater for each operation, in order to satisfy 

the total mass transferred. The sum of the water flows, represented by the blue arrows, reflects the 

minimal water flowrate consumption at 0 ppm, necessary to perform the four operations. 

 

Figure 5.1. Water Source Diagram without optimization strategy 

15 50 125 200 250 300 350 450  0 Concentration 
(ppm) 

Flowrate (t/h) 

48 

12 

35 

70 

1 
(1.68) (3.6) (3.6) 

44.4 

2 
(2.625) (2.625) (1.75) (1.75) 

29.2 

3 
(0.9) (0.6) (0.6) (0.6) 

7.7 

112.4 112.4 112.4 112.4 68 68 38.8 31.1 

4 
(3.5) (3.5) (7) 

31.1 
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5.1.2 Process integration 

5.1.2.1 Reutilization 

The idea behind the reuse methodology, is the acceptance of a specific contamination level in the inlet 

streams, wherein the flowrate from one operation can be reused in a different operation. 

Step 1. Sort the inlet and outlet concentrations 

The algorithmic procedure starts by sorting the inlet and outlet concentrations in ascending order of their 

values as shown in Figure 5.2, which is based on the values taken from table 5.1. In most industrial 

plants, at least one operation requires freshwater having a concentration of 0 ppm, and hence, the 

presence of an inlet concentration in the limiting operational data is automatically included as the only 

external source available on the water source diagram. Depending on the different purposes for the 

water demand, the entry conditions of the industrial processes can vary with respect to the water purity 

needed, as given by the limiting operational data for the example in consideration. Although the external 

source may have a maximum concentration that is equal to the lowest maximum inlet concentration, it 

is considered an external water source with the clean water concentration of 0 ppm, which is included 

in the beginning of the water source diagram. If the limiting operational data table does not contain any 

freshwater requiring operation, then the contaminant concentration is at 0 ppm, which must be included 

in the beginning as the initial concentration value. 

 
Figure 5.2. Concentration sorting in WSD 

Step 2. Represent the operations with limiting flowrates 

Subsequently, each operation arrow is plotted from Cin,max to Cout,max. In order to easily identify the 

reutilization opportunity, the operations are sorted in ascending order of their values of outlet 

concentration. As can be seen in Figure 5.3, the flowrate is presented to the left of the respective 

operation 

 
Figure 5.3. Operations drawing in WSD 

Step 3. Compute the mass load transferred 

In this step, is determined the quantity of contamination allowed to be transferred. The values of mass 

load transfer are used in the fourth step where the water flow allocations occurs and the water network 

is designed. In figure 5.4, the values in parenthesis express the mass load, in kg per hour, transferred 

15 50 125 200 250 300 350 450  0 Concentration 
(ppm) 

15 50 125 200 250 300 350 450  0 Concentration 
(ppm) 

Flowrate (t/h) 

1 48 

2 

12 

35 

3 

4 70 
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for each interval. Its computation is given by the product of the limiting flowrate and the concentration 

interval, divided by 1000, the later being the conversion factor 1 ton = 1000 kg. Considering the second 

operation and fifth interval, the mass transferred is ∆m2,5 =
35∗(250−200)

1000
= 1.75 

kg

h
. The execution of this 

calculus to the remaining operations and intervals, results in the following values. 

 
Figure 5.4. The mass load introduction in WSD 

Step 4. Water flows allocation and water network design 

This step is crucial to ensure the minimal freshwater consumption once the water flows are allocated 

based on the flowrates availability and contamination. Here, the water sources are  selected by adhering 

to four rules: i) the unavailability of internal water from previous operations or concentration intervals 

must be overcome by recurring to freshwater consumption; ii) the mass load should be transferred as 

much as possible within a concentration interval to avoid recurring to unnecessary external and internal 

water consumption; iii) the operation division should be avoided in the presence of an operation in 

multiple concentration intervals, that is, by continuing the water flow until the maximum outlet 

concentration is reached; iv) the existence of multiple sources, imposes that the most contaminated 

source is used first, due to lower commercial value. 

In addition to the features displayed, the water allocation requires to be planned so as to determine the 

exact amount of water needed, in order to determine the flowrate necessary from outside the industrial 

plant at 0 ppm, which is to be reused from other operations and/or to blend from the previous water 

sources. Therefore, eq.(3) expresses the freshwater quantity needed for a specified interval Ci, eq.(40) 

provides the water amount that is brought from previous operations, and eq.(41) calculates the additional 

freshwater required when mixed with internal water sources at Ci-1. 

Few,k,i
e =

∆mki

Ci − Cew
 (39) 

Fiw,k,i
i =

∆mki

Ci − Ci−1
 (40) 

Few,k,i
e =

∆mki − Fiw,k,i
i (Ci − Ci−1)

Ci − Cew
 (41) 

 

Under the previous considerations, we now focus our attention in explaining the water allocation for the 

example in table 5.1. It can be seen from Figure 5. that the first operation starts in the second interval 

and is the single operation present in that interval. The inexistence of water coming from the first interval 

leads to the consumption from the single external source available which is represented by the blue 

arrow in figure 5.5. Since the first operation does not end at 50 ppm, the rule (iii) is fulfilled in order to 

15 50 125 200 250 300 350 450  0 Concentration 
(ppm) 

Flowrate (t/h) 

1 

2 

3 

4 

48 

12 

35 

70 

(1.68) (3.6) (3.6) 

(2.625) (2.625) (1.75) (1.75) 

(0.9) (0.6) (0.6) (0.6) 

(3.5) (3.5) (7) 
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avoid operation division, thereby ensuring that the water flow is continued from the outset of operation 

1 until its end. Therefore, the total freshwater consumed equals F1,1,2
e =

(1.68+3.6+3.6)∗1000

200−0
= 44.4 t/h which 

is available as an internal source at 200 ppm to be reused for operations 2, 3 and 4 as shown by the 

black circle. 

The maximum inlet concentration in the second operation is 50 ppm as can be seen in figure 5.5. 

However, the first operation can only meet the requirements at 200 ppm and the internal water source 

unavailability at 50 ppm is overcome by pumping F1,2,3
e =

(2.625+2.525)∗1000

200−0
= 26.25 t/h of freshwater. The 

same reasoning is applied for operation 3 and yields to a consumption of F1,3,4
e =

0.9∗1000

200−0
= 4.5 t/h at 0 

ppm. At the moment, the water balance accounts for a total of 75.15 t/h at 200 ppm where 44.4 t/h, 

26.25 t/h and 4.5 t/h come from operations 1, 2 and 3 respectively. The second operation must satisfy 

rule (iii) since its performance as well as the water flow must be continued until reaching 300 ppm. 

Operation 2 requires 35 t/h of water to perform the mass exchange which imposes an additional need 

of 35 – 26.25 = 8.75 t/h which is fed by the first operation since, by rule (i), internal water has priority 

over the freshwater. This additional requirement is represented by the black circle together with the red 

dashed arrow that totally fulfil the second operation. Clearly, the remaining flowrate of first operation 

equals 44.4 – 8.75 = 35.65 t/h at 200 ppm. Operation 3 has consumed 4.5 t/h of freshwater and the 

mass exchange performance demands 12 t/h which places a requirement of 7.5 t/h supplied from the 

first operation and remaining 36.65 – 7.5 = 28.15 t/h at 200 ppm. 

The fourth operation demands the limiting flowrate of 70 t/h. Since the maximum inlet concentration of 

250 ppm is greater than the flowrate concentration at 200 ppm, accordingly to rule (i), the mass 

exchange is accomplished by using the single internal water source of 28.15 t/h coming from operation 

1. Despite this additional input, there is insufficiency in the water supply, and therefore, the complete 

reutilization of water from the first operation and the unavailability in the immediately preceding 

concentration, leads to a consumption of freshwater using eq.(41) where are mixed 28.15 at 200 ppm 

and water at 0 ppm to fulfil the need of F1,4,6
e =

3.5∗1000−28.15∗(300−200)

300−0
= 2.28 t/h.  

In the sixth interval, operation 2 reaches its maximum outlet concentration and releases 26.25 + 8.75 = 

35 t/h at 300 ppm. The fourth operation is using 28.15 + 2.28 = 30.43 t/h of water, and hence, it requires 

70 – 30.43 = 39.57 t/h, which it reuses from the second operation at 300 ppm as shown by the black 

triangle together with the red dashed arrow. However, the sum of flows 28.15 + 2.28 + 35 = 65.43 t/h is 

lesser than the limiting flowrate 70 t/h, and hence, additional freshwater consumption is required, which 

is given by F2,4,7
e =

3.5∗1000−(28.15+2.28+35)∗(350−300)

350−0
= 0.65 t/h. The available flowrate at 300 ppm from 

operation 2 was fully reused. In the fourth operation, the flowrate requirement for the last interval equals 

70 – 28.15 – 2.28 – 35 – 0.65 = 3.92 t/h at 350 ppm, the lowest quality water coming from third operation. 

The fulfilment of the mass exchange constraint is shown as the black square with a red dashed arrow. 

Figure 5.5 presents the water source diagram for the example in table 5.1. 
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Figure 5.5. Reusing streams in WSD 

The identification of the pinch point is characterized by an abrupt falling of water consumption. There is 

a decrease of water flows by 8.08 t/h at 350 ppm which is the pinch concentration, 78.08 t/h is the pinch 

flowrate and the mass exchanged until the pinch point is 1.68 + 3.6 + 3.6 + 2.625 + 2.625 + 1.75 + 1.75 

+ 0.9 + 0.6 + 0.6 + 0.6 + 3.5 + 3.5 = 27.33 kg/h. 

Once the water source diagram design has been completed and the targets determined, we proceed to 

the construction of the water mass exchange network that is simply known as the water network (WN). 

While in figure 5.5, the flows can only be seen as a perspective of sinks and sources, the water network 

gives us a better understanding and data visualization by using a graphical diagram of the input and 

output flows, the contamination along the process, and the division and integration of operations as 

shown in figure 5.6. 

 

Figure 5.6. Mass exchange network for reutilization of the example in table 5.1 
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5.1.2.2 Multiple water sources 

In the industrial process, the water sources have several origins despite the contamination level. The 

primary source is the freshwater at 0 ppm and the following spare streams have a specified 

concentration. However, the application of the algorithmic procedure is not significantly influenced by 

the availability of the new sources introduced. The fourth step of the algorithm, reflects the water 

allocation and the WSD enforcement in the presence of multiple external water streams, which is similar 

to the explanation that was given in the reutilization subsection. The main difference for the reuse 

strategy consists of including new sources in the water source diagram, where the decision criterion to 

select between sources is based on the cost restriction which is indexed to its commercial value. As the 

most contaminated water has the lowest commercial value, it is the first used. 

5.1.2.3 Regeneration-reuse 

The water allocation is defined based on the adopted strategy. In the regeneration-reuse strategy it is 

important to consider the trade-off between increasing the freshwater consumption or regenerate the 

water streams by partially removing the contaminants to a pre-defined concentration. It is worthwhile to 

note that the regeneration involves investment in equipment, which must be considered while evaluating 

and deciding on the best alternative. 

Let us now assume that a regeneration concentration of 60 ppm is added in the diagram as a water 

source with limited flowrate. The mass load transfer values immediately before and after the 

regeneration concentration require to be recalculated as the difference in the concentration has 

changed. Applying step 3 of the algorithm, these new values are now shown within red parenthesis in 

figure 5.7. In the first operation, it is used the same reasoning as presented in the reutilization strategy, 

and hence, the required amount of freshwater is 44.4 t/h. However, at the end of the first operation, 44.4 

t/h at 200 ppm goes into the regenerator, thereby reducing its concentration to 60 ppm as shown by the 

black trapezoid. Once the maximum inlet concentration of operation 2 is below the regeneration 

concentration, external water must be sourced as determined by F2,2,3
e =

0.35∗1000

60−0
= 5.83 t/h. In the fourth 

interval of the second operation, as is available 44.4 t/h at 60 ppm coming from operation 1, the amount 

used is F1,2,4
R =

2.275∗1000−5.83∗(125−60)

125−60
= 29.17 t/h. It was assumed that there is a single regenerator, and 

thus at the end of operation 2, the 35 t/h at 300 ppm will be regenerated to 60 ppm. Therefore, there will 

be 44.4 – 29.17 = 15.23 t/h from operation 1 at 60 ppm. Once the sum of the flows in the second 

operation equal the limiting flowrate, there is no need for additional water and hence, the focus is now 

on operation 3. 

The third operation requires 12 t/h for the mass exchange performance. Given that there is 15.23 t/h of 

regenerated flowrate from operation 1 and operation 3 has an inlet concentration of 60 ppm, it will bring 

from operation 1, as shown as the letter R followed by red dashed arrow. The remaining 15.23 – 12 = 

3.23 t/h at 60 ppm will be completely used since the sixth interval of operation 4 requires F3,4,6
R =

3.5∗1000

250−60
= 18.42 t/h. The water supply deficit is overcome by bringing the regenerated water from the 

second operation so as to satisfy the mass exchange for the interval 200 to 250 ppm as F3,4,7
R =
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3.5∗1000−3.23∗(250−200)

300−60
= 13.91 t/h.The fourth process demands a total water of 70 – 3.23 – 13.91 = 52.86 

t/h which will be supplied by operation 2 with an amount of F4,4,8
R =

3.5∗1000−(3.23+13.91)∗(350−300)

350−60
= 9.11 t/h. 

The total regenerated water available from second operation equals 35 – 13.91 – 9.11 = 11.98 t/h at 60 

ppm, and hence, in the last concentration interval is used the regenerated water F5,4,9
R =

7∗1000−(3.23+13.91+9.11)∗(450−350)

450−60
= 11.22 t/h. As the sum of flows 3.23 + 13.91 + 9.11 + 11.22 = 37.47 t/h 

is lower than 70 t/h, therefore, in order to perform the mass exchange of fourth operation, the external 

water will be consumed at F6,4,9
e =

7∗1000−(3.23+13.91+9.11+11.22)∗(450−350)

450−0
= 7.23 t/h. 

 

Figure 5.7.  Regenerating and reusing streams in WSD 

5.1.2.4 Regeneration-recycle 

In this strategy, the construction of the water source diagram is similar to the one in the regeneration 

with multiple external water sources, which differentiates from the regeneration-recycle since the latter 

is assumed to have an unlimited regenerated water resource that can be reused in the same operation. 

To illustrate our example, it is considered a regeneration concentration of 60 ppm which is included as 

a water source in the WSD. 

Here, the flowrate requirement for operation 1 is calculated as in the reutilization. As mentioned in the 

regeneration-reuse section, the third interval of operation 2 needs 5.83 t/h of freshwater to perform the 

mass exchange of 0.35 kg/h as it begins before the regeneration concentration. The additional 35 – 5.83 

= 29.17 t/h is fulfilled by partially using the 44.4 t//h regenerated from the first operation to 60 ppm, 

resulting in a surplus of 44.4 – 29.17 = 15.23 t/h. Once the second operation is fully satisfied, we may 

focus on the third operation where the demand of 12 t/h is totally satisfied by the 15.23 t/h at 60 ppm. 

The stream necessary for the exchange mass load in the fourth operation is 70 t/h where 15.23 – 12 = 

3.23 t/h of regenerated water is fully used from operation 1 in the interval between 200 and 250 ppm. 
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The recycled stream is represented in figure 5.8 with a backward red arrow where its amount is given 

by F1,4,7
r =

3.5∗1000− 3.23∗(300−250)

300−200
= 33.39 t/h. The sum of flows 3.23 + 33.39 equals 36.62 t/h. Once the 

operation 2 has been completed, 5.76 t/h is regenerated to perform a mass transfer of 3.5 kg/h from 

300 to 350 ppm and in the last interval, 18.41 t/h is recycled at 300 ppm. 

 

Figure 5.8.  Streams regeneration and recycling in WSD 

5.1.2.5 Water losses 

The water source diagram is constructed as in the reutilization strategy. The main difference lies in the 

fact that an operation with water loss is considered a water sink process which is included as the final 

operation in figure 5.9. Now, let us consider a flowrate of 10 t/h with an inlet concentration of 35 ppm. 

Initially, are unavailable the make-up streams at 35 ppm that consist of the operations flows at the water 

loss concentration. Hence, the sink operation is only studied after performing a detailed analysis of all 

operations with stream concentrations higher than 35 ppm. From figure 5.9, it is possible to see that the 

following streams are available: the freshwater (f0); 44.4 – 8.75 – 7.5 – 28.15 = 0 t/h at 200 ppm (f1); 35 

– 35 = 0 t/h at 300 ppm (f2); 12 – 3.92 = 8.08 t/h at 350 ppm (f3); and 28.15 + 2.28 +35 + 0.65 + 3.92 = 

70 t/h at 450 ppm (f4).  

Now by concentrating on the fifth operation, we provide the best combination between those available 

streams in order to generate a stream of 10 t/h at 35 ppm. It may be noted that the desired water stream 

is obtained by using the component balance in the sink operation, which is given by the equation 0*f0 + 

200*f1 + 300*f2 + 350*f3 + 450*f4 = 35*10. Additionally, as is necessary the water flow balance in the 

sink unit, the amount of freshwater needed is determined by f0 + f1 + f2 + f3 + f4 = 10. The replacement 

of values in the above component and mass balance is followed by a simplification in the subsequent 

expressions 35*f3 + 45*f4 = 35 and f0 = 10 - f3 - f4. Hence, the only possible combination for this example 

is f3 = 1 t/h and f4 = 0 t/h with a total of 9 t/h of freshwater for the sink unit. 
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Figure 5.9. Streams reutilization with water loss 

5.2 Multiple contaminants 

The decade of 1980 can be earmarked as a period of concern for the conservation of resources. Hence, 

process integration surfaced, which was first applied to recover heat, and later extended to other areas 

of process engineering, to achieve financial savings by reducing the load of external utilities. In the 

industrial sector, integration is a key strategy for increasing productivity through a rational consumption, 

implying lower utilities, materials expenditures and consumptions, thereby generating lesser effluents, 

and consequently, lower discharge costs.  

The pinch technology introduced by Linnhoff and Vredeveld (1984) is focused on chemical engineering 

principles. In the heat recovery exchanger network, the process involves hot and cold streams while in 

the mass exchange networks, the process has the lean and rich streams based on its contamination 

level. The pinch analysis has proved to be very useful in the analysis of complex industrial processes 

with speed and efficiency. Lately, most of the work in the process integration area has been done in the 

refineries due to the strict environmental restrictions, in order to reduce the sulphide and aromatic levels 

in the gasoline and diesel oils, thereby reflecting in higher quality of environment. 

The case study example that is taken from Doyle and Smith (1997) and shown in table 5.2, concerns a 

petroleum refinery that has three water using operations and three contaminants, specifically 

hydrocarbon (A), H2S (B )and salt (C). Using this example, the algorithm of Gomes et al. (2013) is 

detailed in the following subsections. 
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Table 5.2. Adjusted limiting operational data of Doyle and Smith (1997) 

Operation Contaminant Cin,max (ppm) Cout,max (ppm) Limiting flowrate (t/h) 

1 

A 0 15 

45 B 50 400 

C 20 35 

2 

A 20 120 

34 B 300 12500 

C 45 180 

3 

A 120 220 

56 B 20 45 

C 200 9500 

5.2.1 Non-Integration  

As mentioned above, the industrial processes generate a lot of effluents and with different percentages 

of pollutants, especially in the oil refineries where the crude composition vary according to their capture 

regions. In the absence of process integration, the freshwater flowrate for each operation, is determined 

for each contaminant based on the maximum outlet concentration and the mass load transfer with a 

freshwater concentration of 0 ppm. In the absence of any integration strategy, there is a higher minimal 

freshwater consumption as expressed in table 5.3. The values in bold represent the minimal external 

water needed to perform each operation, being the most restrictive to the process and totals 133.00 t/h. 

Table 5.3. Minimal freshwater for multiple contaminants 

Operation Contaminant Mass load transferred (kg/h) Freshwater (t/h) 

1 A 0.675 45.00 

1 B 15.75 39.38 

1 C 0.675 19.29 

2 A 3.4 28.33 

2 B 414.8 33.18 

2 C 4.59 25.50 

3 A 5.6 25.45 

3 B 1.4 31.11 

3 C 520.8 54.82 

Total 936.275 133.00 

5.2.2 Process integration 

5.2.2.1 Reutilization 

There are some alternatives to reduce the wastewater while moving forward and performing the 

operations mass transfer. The integration involves introducing modifications in the production process, 

recycle water streams, treatment of water at the source, wherein the treated effluents will be used within 

a process, implementation of distributed treatments and selection of the final discharge method to take 

advantage of the capacities of the water bodies to receive the water discharged. The current thesis 

focuses on the reutilization of water streams within an industrial process. While the older methodologies 

assume that only one contaminant is transferred at each time, the biggest advantage of Gomes et al. 

(2013) is the possibility to consider simultaneously several contaminants mass transfer using the 

following steps. 
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Step 1. Identification of the reference operation and reference contaminant 

The water source diagram construction for multiple contaminants depends on the reference contaminant 

as well as the reference operation identification. It is important to define which pollutant will determine 

the requirement for concentration adjustments in the reference operation and to establish the order of 

performance in the mass exchange. Let us begin by understanding each concept. The reference 

contaminant can be defined based on the following rule: the lowest maximum inlet concentration in more 

process units, which is the most restrictive contaminant since it has the highest value for the mass 

exchanged.  The monotonic increase rule proposed by Salveski and Bagajewicz (2003) establishes that 

the outlet concentration will increase throughout operations for an individual contaminant. As a result, 

in our example, A is taken as the reference contaminant. In addition to previous explanation, the 

operation requesting the cleanest water at 0 ppm is the reference operation and, hence, operation 1 is 

taken as the reference. Notwithstanding, there are cases dealing with more than one reference 

contaminant and here, the selection criteria is based on the most restrictive contaminant that has the 

higher value of∑Δm. 

Step 2. Adjust inlet and outlet concentrations in the reference operation 

Here, all reference inlet and outlet contaminant concentrations are written in the first row of table 5.4. 

Furthermore, as the maximum inlet concentrations of the non-reference contaminants B and C in the 

reference operation are unequal to the clearest water concentration, it is necessary to proceed with the 

adjustments of the inlet concentration to 0 ppm, which is shown in the second and third rows by using 

square brackets. Focused on maintaining the quantity of mass transferred, the respective outlet 

concentrations need to be calculated by using a linear equation that is known as the mass transfer ratio. 

The ratio KA,B,1 =
∆CB,1

∆CA,1
=

400−50

15−0
= 23.3 is first computed and obtained the outlet concentration of 

contaminant B: 23.3 =
CB,1

out−0

15−0
→ CB,1

out = 350 ppm. The same logic is applied for contaminant C, which 

results in the following values, KA,C,1 =
∆CC,1

∆CA,1
=

35−20

15−0
= 1 and 1 =

CC,1
out−0

15−0
→ CC,1

out = 15 ppm. 

Table 5.4. Adjusted values of H2S (B) and salt (C) concentrations in the reference operation 

Pollutants Inlet concentration Outlet concentration 

A 0 20 120 15 120 220 

B (op. 1) [0]   [350]   

C (op. 1) [0]   [15]   

 

Step 3. Identify the adjustments for the non-reference operations 

In this step, are evaluated the opportunities for the reutilization for non-reference operations, based on 

the condition Cc,out1 ≤ Cc,ink Ɐk, ϶ k≥2. Here, if the inequation returns true, it means that the outlet 

concentration of contaminant C in the reference operation will have a value that is lower or equal to the 

inlet concentration of the same pollutant in all other operations. Once the flow concentrations requisites 

are met, there is no need for further adjustments and hence, the flowrate becomes available to reuse in 

the reference operation at the outlet concentration. Nevertheless, if this condition is not met for more 

than one contaminant, the adjustments are made based on the contaminant that presents the worst 
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condition in more operations. As per table 5.5, the reference contaminant will be adjusted in step 4 

based on the concentrations of contaminant B for the operations 2 and 3. 

Table 5.5. Identification of the requirement for adjustments based on the remaining operations 

CA,out1 ≤ CA,in2 → 15 ≤ 20   CB,out1 ≤ CB,in2 → 400 ≤ 300 1. x CC,out1 ≤ CC,in2 → 35 ≤ 45   

CA,out1 ≤ CA,in3 → 15 ≤ 120   CB,out1 ≤ CB,in3 → 400 ≤ 20 x CC,out1 ≤ CC,in3 → 35 ≤ 200   

 

Step 4. Adjust non-reference contaminant concentrations in the non-reference operation 

In the second step, were adjusted the concentrations of the contaminants in the reference operation. In 

the fourth step of the algorithm, the mass transfer ratios presented in table 5.6 are used to proceed with 

the non-reference operation concentration adjustments based on the contaminants identified in step 3. 

Table 5.6. Concentration difference ratio for concentrations adjustment 

𝐊𝐁,𝐀,𝟏 =
400 − 50

15 − 0
= 23.3 𝐊𝐂,𝐀,𝟏 =

35 − 20

15 − 0
= 1 

𝐊𝐁,𝐀,𝟐 =
12500 − 300

120 − 20
= 122 𝐊𝐂,𝐀,𝟐 =

180 − 45

120 − 20
= 1.35 

𝐊𝐁,𝐀,𝟑 =
45 − 20

220 − 120
= 0.25 𝐊𝐂,𝐀,𝟑 =

9500 − 200

220 − 120
= 93 

First, it is computed the adjusted value of the reference contaminant with respect to the inlet 

concentration of contaminant B by using the ratio KB,A,1 which is based on the reference operation mass 

transfer. Thereafter, the reference contaminant concentration corresponding to the inlet concentration 

of contaminant B is calculated using the ratio KB,A,1 =
CB,1

out−CB,2
in

CA,1
out−CA,1

in,adjusted  that yields a value of 10.7 ppm as 

shown in square brackets of table 5.7. Once the inlet concentration was changed and this algorithm 

assumes that the mass transfer is maintained linear, it is required to determine the adjusted value of the 

reference contaminant of the outlet concentration of contaminant B through KB,A,2 =
CB,2

out−CB,2
in

CA,1
out,adjusted

−CA,1
in,adjusted 

where the result is equal to 110.7 ppm. The reasoning is repeated to operation 3. Thereby, the inlet 

concentration of A corresponding to 20 ppm is given by KB,A,1 =
CB,1

out,adjusted
−CB,1

in,adjusted

CA,1
𝑜𝑢𝑡−CA,3

in,adjusted  and its respective 

outlet concentration by KB,A,3 =
CB,3

out−CB,3
in

CA,3
out,adjusted

−CA,3
in,adjusted. 

Table 5.7. Adjusted inlet and outlet concentration based on the non-reference operations 

Pollutant Inlet concentrations Outlet concentrations 

A 0 [10.7] [0.84] 15 [110.7] [100.84] 

B (op. 1) [0]   [350]   

B (op. 2)  300   12500  

B (op. 3)   20   45 
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Step 5. Generate the water source diagram and the water network diagram 

Table 5.8 gathered the adjusted inlet and outlet concentration values based on the required adjustments 

identified on the fourth algorithm step. The data to be included in the water source diagram is aggregated 

in table 5.8 only for the contaminant A which is the reference. 

Table 5.8. Data for the water source diagram generation 

Operation Contaminant Cin (ppm) Cout (ppm) Limiting flowrate (t/h) 

1 A 0 15 45 

2 A 10.7 110.7 34 

3 A 0.84 100.84 56 
 

Later, the operations are sorted in ascending order of the process’ outlet concentrations, in order to 

smooth the WSD design and easily identify the reuse opportunities. Therefore, the performance 

sequence of table 5.8 is operations 1 – 3 – 2 once 15 < 100.84 < 110.7 ppm. The construction steps of 

this stage were explained in the section 5.1.2.1 for a single contaminant.  

According to the results obtained with the water source diagram, the water mass exchange network is 

generated with the respective flows, concentrations, splitters represented by the black circle filled and 

mixers with the white filled circle. As shown in figure 5.10, there is a splitter whenever multiple operations 

require freshwater at 0 ppm or operation division occurs when an internal water source is reused. 

Similarly, the mixers receive the water bodies coming from different operations and/or freshwater to 

result into an admissible concentration value. 

 
Figure 5.10. Water network with reutilization for the example in table 5.2 

A concentration balance for each non-reference contaminant must be performed for each mixer present 

in the water network. As seen in figure 5.10, the concentration balance occurs at the entrance of 

operations 2 and 3. Both operations receive freshwater (flowrate0) and internal water supplied by first 

operation (flowrate1). In terms of contaminant B, the concentration balance at the entrance of operation 

2 is given by CB = (flowrate0*C0 + flowrate1*C1) / (flowrate0 + flowrate1). Once the inlet concentrations 

were changed, the mass balance for each component is performed to determine the respective outlet 

concentration, expressed by Ck,C
out =

∆mk

fk
+ Ck,c

in . The resulting concentrations of contaminants B and C 

are: C2,B
out = 12500 ppm, C2,C

out = 180 ppm, C3,B
out = 45 ppm and C3,C

out = 9301.96 ppm. 
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Step 6. Inspect the non-reference contaminant concentrations 

In this step, the water network data is evaluated so as to verify if any violations occur in the maximum 

concentration, more specifically, the inlet and outlet concentrations of the water network are compared 

against the original limiting data to identify if any maximum concentration is exceeded in the water 

network. On inspection of the values in table 5.9, it can be concluded that none of the contaminants 

violated the restrictions since all the concentrations are below or equal to the limiting values. This 

confirms that figure 5.10 is the final water mass exchange network, if else it would be required to proceed 

to step 7. The network has a minimal consumption of 107.61 t/h and a pinch concentration of 15 ppm, 

which is the turning point as is identified by an abrupt fall in the water consumption. 

Table 5.9. Inspection of concentrations violation 

Operation Contaminant Inlet concentration Outlet concentration 

1 

A 0 ≤     0   15       15   

B 0 ≤   50   350    400   

C 0 ≤   20   15       35   

2 

A 10.69 ≤   20   110.7 ≤    120   

B 300 ≤ 300   12500 ≤12500   

C              45 ≤ 45   180 ≤    180   

3 

A         0.84 ≤ 120   100.84 ≤    220   

B         19.6 ≤   20   45 ≤      45   

C  1.96 ≤ 200   9301.96 ≤  9500   

 

Step 7. Optimize the water network 

Whenever the concentration limits are not respected, there are two possibilities to remove such 

violations: i) increasing the freshwater consumption, or ii) redirecting the water flows upstream to the 

operation where the flaw occurs and which must receive the freshwater directly. As can be seen, this is 

an iterative step until the maximum inlet and outlet concentrations values come below the limiting values 

of the mass exchange network in order to obtain the final water network. 

5.2.2.2 Multiple water sources 

Industrial processes may have different origins of water sources despite their level of contamination. 

The new sources introduced, are reflected in the water allocation stage, which is encompassed in step 

5 and handles the reutilization in the multiple contaminants algorithm. It should be noted that, in the 

presence of multiple sources, the source with higher contamination will be the first used due its low 

commercial value, so as to improve efficiency. 
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5.3 Results evaluation 

The industrial cases were analysed using integration strategies from the literature for single and multiple 

contaminants, and with and without reutilization. Water savings with reutilization are compared against 

non-integration optimization strategies. Figure 5.11 summarizes the water saved for single contaminant 

and figure 5.12 summarizes that for multiple contaminants. A conclusion to be drawn is that freshwater 

consumption, and consequently the water saved percentages depend on the integration strategies used. 

Process configurations have different cost structures, depending on how equipment are interconnected, 

the water availability in the region, the purity desired when using the regenerator, and the water losses 

to be compensated, implying increases in the freshwater capture costs. 

 

Figure 5.11. Freshwater saved with process integration for single contaminant 

Figure 5.11 shows that the distribution of physical equipment such as pipes and regenerators has a 

huge impact in the freshwater consumption. The reutilization of water flows can accomplish a reduction 

of 30.53% of pure water within an industrial plant having a single pollutant. The equipment degrade over 

time, leading to leaks in the network. Adopting a reutilization strategy, a 9 t/h make-up-stream demand 

overcomes network losses, accounting for 22.53% of the water saved when compared to non-

integration. 

Regeneration is the best alternative for freshwater consumption reduction. Nevertheless, this strategy 

has some trade-offs between the regenerator acquisition and the freshwater minimization costs that 

must be considered in the technical and economical decision analysis. The water flows going into 

regenerator units are later reused or recycled. With regeneration, the water consumption savings vary 

between 48.88% to 55.31% wherein the regenerated flowrates are 78.64 t/h and 50.16 t/h, respectively 

followed by reuse and recycle. In the latter strategy, the recycle flowrate accounts for 51.80 t/h. 

Although this discussion confines to the water saved in comparison with non-integration, it is interesting 

to evaluate the savings obtained per integration strategy for the case in Relvas et al. (2004). The partial 

contamination removal to a lower value known as regeneration-reuse from the reutilization strategy 

accounts for a reduction of 20.62 t/h (26.4%) of water consumption which increases to 35.7% with 
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regeneration-recycling. The difference in savings is explained as the latter assumes unlimited availability 

of water to meet process requirements, and hence a lower quantity of pure water. 

The methodology has been extended the application to deal with multiple contaminants taking into 

consideration the reutilization strategy with a simultaneous contamination mass transference. The water 

flows’ reutilization for the Doyle and Smith (1997) example, leads to a saving of 25.39 t/h corresponding 

to 19.09% of freshwater saving to transfer a total mass load of 936.28 kg/h. 

 

Figure 5.12. Freshwater saved with process integration for multiple contaminant 

Hence, the lower the freshwater consumption, the higher will be the opportunity to use streams with 

higher contamination, and consequently a higher pinch concentration from those water flows. In the 

absence of integration, the requirement is 112.4 t/h at pinch concentration of 200 ppm, while with 

reutilization, the requirement is only 78.08 t/h at pinch of 350 ppm. Another important aspect are the 

costs associated to each integration strategy, mainly related to the investment in equipment. These vary 

based on the strategy and the plant characteristics. Clearly, the evaluation of economic impact is crucial 

and mandatory when optimizing the existing water network. 

The above emphasizes the importance of the water resource rationalization and the determination of 

the best water treatment strategy to minimize costs. Hence, the opportunity to develop software tools, 

for maximum reuse to manage single and multiple contaminants, by resorting to Microsoft Excel with 

Visual Basic for Application (VBA). In the following chapters, are presented the software generated 

calculations, water source diagrams and water networks, and scenario-based sensitivity analysis.
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CHAPTER 6. Single Contaminant Software Tool 

6.1 WaterGain software 

The WaterGain software starts by requesting the limiting operational data which is provided by the 

industrial experts with the following information i) mass load to be transferred, ii) maximum inlet 

concentration and iii) maximum outlet concentration as shown in the green area of Table 6.1. The last 

column gives the amount of freshwater required in the absence of any integration strategy which totals 

an amount of 80.80 t/h. 

Table 6.1. Limiting operational data with three operations 

 

 

In order to introduce automatically the concentration values into the water cascade table, is created a 

macro recurring to Visual Basic for Applications (VBA). The macro runs whenever the button from figure 

6.1. is clicked. To begin, the macro sorts in ascending order the concentration values and thereupon, 

removes duplicated values to introduce into the water cascade table. 
 

 

 Figure 6.1. Macro button to sort concentrations 

The second ordered value from cell I13 is expressed by code 1, whereas the macro access cell I13 

using the Range() object in order to activate the object using the .Select method. Since the concentration 

values are sorted in ascending order, the Microsoft Excel SMALL formula is used to return the second 

smallest value from Range D14 to E16 into the selected cell as shown in table 6.1 and  Figure 6.1. 

The second code checks if duplicated values exist in the range from I12 to I17 corresponding to inlet 

and outlet concentration of total number of operations. In the affirmative case, the macro removes the 

repeated values while maintaining the order of its values. 

Code 1 
Range("I13").Select 

ActiveCell.FormulaR1C1 = "=SMALL(R14C4:R16C5,2)"      

 

Code 2 
ActiveSheet.Range("$I$12:$I$17").RemoveDuplicates  

Columns:=1,Header:=xlYes 
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The water cascade table was developed as per the construction steps explained in chapter 3 Literature 

and methodology review under the section 3.1 Water pinch analysis. In table 6.2, is obtained the water 

cascade table for the example in consideration. Since the water cascade table expresses the minimal 

consumption of freshwater, the calculated values of the pinch concentration, pinch flowrate, the total 

mass transferred and the step values until the pinch point, are used to verify the water source diagram 

and the water network results. 

Table 6.2. Water cascade table 

 
 
The construction of the water source diagram depends on the strategy adopted and the availability of 

the water flowrates. The software tool is developed to deal with the reutilization of streams. The material 

requirement planning (MRP) is an integrated system of production planning and inventory control that 

has been extended to deal with water systems. The idea behind the calculations for the water source 

diagram is that of a MRP in a matrix form, which evaluates the water available at the beginning of each 

interval, the additional freshwater requirements, internal water streams to be reused and the water 

available at the end of each interval. Table 6.3 represents the partial calculation for the water source 

diagram considering the water streams’ reutilization from operation 2 into 3. 

Table 6.3. Partial calculation for water source diagram construction 
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In table 6.3, the cells F356, H357, J358, L359, N360 and P361 correspond to the available water from 

operation 2 to be reused by the third operation in intervals 1 to 6 respectively. The additional freshwater 

requirement for water reuse from interval 1 to interval 2 is calculated in cell F363. To satisfy this 

additional requirement, it is necessary to determine how much water is available to be consumed, which 

is determined in cell H369. At the end of the first interval, cell F382 gives the water quantity that has not 

been used and is available to be reused in the following concentration interval. Consequently, cell H376 

is the difference between the initial and the final water inventory, that is, the flowrate used in second 

interval. 

When the flows reutilization opportunities are evaluated, there are two options: reusing the water from 

the immediately previous interval or reusing the streams at any previous concentration level. In order to 

fulfil the mass transfer requirement in the operation demanding additional water, which occurs in the 

latter case, a gap in the concentration interval is created as the water is not brought from the immediately 

preceding interval and the water shortage is supplied with a lower flowrate coming from other operations. 

A concentration dragging is required so as to determine the equivalent amount of freshwater with some 

contamination (f), for instance, f0 * (Ci – Ce) = f * (Ci – Ci-x). 

Let us consider the cell N359 where the 33.96 t/h corresponds to the flowrate provided at the end of 

operation 2 interval 4, to be reused into operation 3 interval 5. As the 33.96 t/h were not used from 120 

to 150 ppm by any operation, it is available to the following concentration interval that goes from 150 to 

220 ppm. However, the additional freshwater requirement that is determined in cell N366, takes into 

consideration the concentration value dragging by using the OFFSET function between the upper and 

lower bound concentrations, specifically the internal water concentration.  

The freshwater available for interval 3 is determined in cell J370 given the external water consumed 

without integration (cell I124), the water stream needed to perform the mass exchange (cell H364), and 

the total freshwater that has been previously used in the interval into consideration, SUM(J$369:J369). 

As the construction of the water source diagram has already been explained in chapter 5 Industrial case 

studies, for single contaminant under subsection 5.1.2 Process Integration, The generation of the WSD 

for the current industrial case is provided in Appendix B WaterGain Software (Single contaminant). The 

values of the WSD are used to create two tables, total freshwater division per operation and the water 

streams reutilization, in order to construct the water mass exchange network, or simply known as the 

water network, as can be seen in figure 6.2. 

In the WaterGain software’s worksheet “3 operations with reutilization”, the first row of water streams 

reutilization table contains all the concentrations from the WSD. The water sources available for the 

example in consideration, is the sum of the flowrates 25, 120 and 220 ppm, corresponding to the 

maximum outlet concentrations of the limiting operational data. As the last column is the upper limit 

value of the last interval, there will not occur any stream reutilization.  

The water network provides a more graphical visualization of the WSD. The mass exchange network 

allows the understanding of the water flows across the network, the maximum allowed contamination, 

and the flowrates reutilization between operations, in order to identify the opportunities for efficiency 
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improvements by integrating equipment that are more sustainable for the removal of contaminants 

present in the industrial process. The water network generated for the example given in table 6.1 is 

presented in figure 6.2. 

 

Figure 6.2. Water network 

6.2 Sensitivity analysis 

The study of the models behaviour in response to variations in the different sources of model inputs is 

known as the sensitivity analysis. In the following subsections, the input parameters are tested in order 

to evaluate how the water consumption is optimized. For each scenario with three, four and five 

operations is considered a base case with a single pollutant. 

6.2.1 Three operations with single contaminant 

The sensitivity analysis is performed for a plant having three operations and one contaminant by taking 

as the base case figure 6.3, in order to study the changes in the water consumption as a result of 

changes in the input parameters.  

 

Figure 6.3. Base case with three operations and single contaminant (3O&SC) 
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The following considerations were made while developing the base case: It is not demanded pure 

external water source to perform the processes mass exchange, since the maximum acceptable 

concentration for the industrial plant is 10 ppm. The second operation starts while the first operation is 

still being performed, and hence, according to water allocation rules the flowrate must continue until the 

end of the first operation. As a result, the water need to fulfil operation 2 in interval 1, resorts to 

freshwater whilst the internal water from operation 1 is immediately available at 25 ppm to be reused in 

the subsequent operations. As operation 3 starts after 1 and 2, the immediate capture of freshwater is 

avoided to satisfy the 5.6 kg/h of mass load transfer of contamination. One important aspect is the 

existence at least of one operation that does not receive internal water from the immediately preceding 

concentration which creates a gap in the concentration interval, implying a lower internal water recovery 

which is compensated by the increase of freshwater for operation 3. The total mass load transferred 

equals 9.675 kg/h. 

6.2.1.1 Mass load transfer reduction 

Here, we reduce by 0.1 kg/h the mass load transfer for operation 3, as shown in figure 6.4, from 5.6 to 

5.5 kg/h. This is accomplished by increasing the concentration interval and reducing the limiting flowrate 

by 30 t/h with respect to the base case. 

 

Figure 6.4. Mass load transfer reduction for last operation for 3O&SC 

As there is no requirement of external water at 0 ppm, the reasoning for the first operation is the same 

as explained for the base case. The optimization of the freshwater consumption will be evaluated by 

performing the last operation wherein the inlet concentration is decreased, which eliminates the 

concentration interval gap between operations 2 and 3. Consequently, it is only possible to reuse water 

from operation 1 into operation 3 interval 1, which may be accompanied by freshwater capture 

depending on the water need. If additional water is required, internal water will be available at the end 

of operation 2, from the preceding concentration interval. The proposed modifications achieved a water 

saving of 1.02% with respect to the base case, and the three processes cumulatively transferred 9.575 

kg/h of pollutant into the water units. A conclusion arrived is that the higher the volume of internal water 

used, the lower the freshwater captured for the industrial plant. 

6.2.1.2 Repeated concentrations 

Here, the software tool behaviour is studied in the absence of any concentration interval gap. 

 

Figure 6.5. Repeated concentrations for 3O&SC 

In figure 6.5, is tested the effect of the presence of repeated concentration values on the water 

consumption. It is assumed that the maximum acceptable freshwater concentration is 0 ppm and at 



62                                                                                                    CHAPTER 6. Single Contaminant Software Tool 

 
 
 

least operation 1 requires freshwater. With respect to the base case, the concentration interval gap is 

removed, and hence, there is a better exploitation of internal water streams. The illustrated example has 

the particularity that the last two operations end at the same concentration of 300 ppm. It is also 

considered that at 190 ppm, operation 1 releases 60 t/h which is immediately available for reutilization 

in subsequent operations. Now, depending on the water needs for operations 2 and 3, there are two 

options: mixing the required flowrate from operation 1 with the freshwater coming from the previous 

interval of operation 2 or using the water stream from first operation directly into operation 3 at 190 ppm, 

and thus, minimize the freshwater consumption. One important aspect is the fact that throughout the 

operations, the flowrate required decreases and consequently, the mass of contamination transferred 

increases by 10.545 kg/h when compared to the base case.  

6.2.1.3 Reorder processes 

One of the assumptions of the algorithm proposed by Gomes et al. (2007), relies on the need to reorder 

the processes in an ascending order of maximum inlet concentrations. The following analysis tests the 

software tool behaviour with the organization of calculations in the form of MRP matrix. 

 

Figure 6.6. Reorder processes for 3O&SC 

Here, all three operations require external water for the first interval wherein it is considered that at least 

one operation demands water with 0% of contamination. It is not considered the presence of gaps in the 

concentration interval, and hence, internal water is always available for reuse after the performance of 

each operation. A total of 19.88 kg/h of contamination is transferred whereas operation 2 requires 1.5 

less quantity of water to perform the mass exchange and operation 3 requires 1.5 additional water 

stream amount from operation 1. As the industrial experts do not spend time to reorder the processes, 

they may use the saved time to verify any abnormality in the flows or concentrations or to identify the 

improvement opportunities for processes integration. 

6.2.1.4 Concentration interval gap 

In this case, the main difference to the base case relies in the interval where the concentration gap 

occurs as shown in figure 6.7. The concentration gap is between operations 1 and 2 instead of occurring 

between operations 2 and 3 as in the base case.  

 

Figure 6.7. Concentration interval gap for 3O&SC 

It is intended to evaluate how the external water consumption may vary depending on the freshwater 

requirement for operation 1. The operations 2 and 3 begin after the operation 1 mass exchange has 

been performed, and hence, there is internal water availability for those operations at 25 ppm, which 

avoids immediate freshwater consumption in operation 2. However, if the internal water provided from 

operation 1 is totally reused and there is still water stream insufficiency, in order to accomplish the 
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contamination exchange, the freshwater is brought into the operation. Since the water from operation 1 

is totally reused in operation 2, the unavailability of internal water is compensated by freshwater capture 

for operation 3. With respect to the base case, the flowrate in operation 1 is reduced by 35 t/h which is 

equivalent to a reduction of the mass load transferred by 0.575 kg/h. Similarly, operation 2 is 

characterized by its increased water consumption to 60 t/h due to the reduction of the concentration 

interval by 50 ppm, which reduces the pollutant transferred by 0.4 kg/h. The total mass load transfer 

reduction of 5.275 kg/h is reflected in the external water consumption savings of 9.03 %. 

6.2.1.5 Concentration interval gap between all operations 

The following analysis considers free concentration interval between all operations. The goal is to 

evaluate the results in the presence of water availability for the last two operations. Whenever the first 

operation flowrate is greater than the need of the remaining operations, a huge freshwater saving is 

obtained as observed in figure 6.8. 

 

Figure 6.8. Concentration interval gap between all operations for 3O&SC 

With respect to the base case, the total mass transfer reduces to 5.1 kg/h corresponding to a decrease 

of 29 t/h of the total limiting flowrate requirement. Figure 6.8. shows an increase in the savings of 

freshwater consumption by 20.40 % which is accomplished by fully reutilizing the flowrate provided from 

operation 1 into the operation 2. Since there is still water demand, this insufficiency is fulfilled by external 

water. The concentration gap creates the immediate water availability to be reused in downstream 

operations which is the case in operation 3 where the flowrate required is brought from operation 2, 

avoiding the external water capture. 

6.2.1.6 Starting operations at same time 

Here, we study the software performance for the case where most of the operations in the industrial 

units start at a different concentration. 

 

Figure 6.9. Starting operations at the same time for 3O&SC 

The current scenario studies the effect of starting all the operations at the same inlet concentration and 

compelling two operations to end at the outlet concentration, thereby increasing the freshwater 

consumption. Figure 6.9. shows that the maximum allowed freshwater concentration into the industrial 

plant is 30 ppm instead of 10 ppm in the base case. Compared to the base case, each operation 

consumes freshwater since all start at 30 ppm, and hence, there is an increase of 29.03 t/h of external 

water consumption. However, only one reutilization opportunity occurs at the end of operation 1, 

corresponding to a concentration of 50 ppm. A total of 14.6 kg/h were permuted into the water streams. 
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6.2.1.7 Last in First out (LIFO) strategy  

The examples reviewed from the literature assume a first in first out (FIFO) strategy whereas the first 

starting operation that has the lower inlet concentration also ends first since it has the lower outlet 

concentration. Here, we study how well the software tool deals with the first in last out (LIFO) strategy, 

as it is represented in figure 6.10. 

 

Figure 6.10. Last in First out (LIFO) strategy for 3O&SC 

One important aspect is the fact that the first starting operation is the last to be disposable so as to reuse 

in subsequent operations. This analysis pretends to demonstrate that the inverse reutilization that is 

reusing the flowrates from last operation into the first operation is also possible. Hence, all the operations 

require freshwater until the last operation releases the flowrate at its outlet concentration, which 

increases substantially the freshwater consumption. Therefore, the first operation requires the highest 

water flowrate, and consequently, it may transfer the most contamination present in the operation.  

6.2.2 Four operations with single contaminant 

Considering a process with four water using units for a single contaminant, the base case scenario is 

now tested for the immediate availability of water streams at the end of each operation with the 

corresponding outlet concentration. 

 

Figure 6.11. Base case with four operations and single contaminant (4O&SC) 

The example illustrated in figure 6.11 allows a total transfer of 44.3 kg/h of contamination. There is no 

demand for pure external water source since the maximum acceptable concentration is 10 ppm. As the 

immediately following operation starts before the water is disposable for reutilization, considerable 

freshwater is required to fulfil the water needs in order to perform the mass exchange. 

6.2.2.1 Mass load transfer reduction 

The sensitivity analysis with four operations, tests the software tool, to evaluate the water consumption 

in the presence of repeated concentrations in a more complex process. With the respect to the base 

case, there is a marginal decrease in the total mass transferred by 3.3 kg/h. 

 

Figure 6.12 Repeated concentration values for 4O&SC 
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The software tool assumes the existence of a single external water source. As shown in figure 6.12, at 

least operations 1 and 2 require freshwater at 0 ppm in order to transfer, respectively, the 2 and 5 kg/h 

of contamination. Since operation 3 begins at 50 ppm and operations 1 and 2 releases, respectively, 20 

t/h and 50 t/h at 100 ppm, external water is consumed for the interval between 50 and 100 ppm whereas 

the additionally required flowrate is supplied from operation 1. This scenario has the particularity of 

having the first two operations ending at 100 ppm and the last two operations ending at 800 ppm. 

6.2.2.2 Reduction of mass load transfer 

This sensitivity analysis considers the mass load transfer reduction which is accompanied by a 

diminishing of water streams as seen in figure 6.13. The process transferred 12.3 kg/h lesser of 

contamination with respect to the base case. 

 

Figure 6.13 Mass load reduction for 4O&SC 

The maximum contamination from external water source allowed for the process is 10 ppm. Similarly to 

the base case, all the operations consume freshwater after the water flows disposable at the end of 

each operation, have been consumed. The first operation requires half the freshwater that was needed 

in the base case since the mass load transfer is reduced by 50.0%. In operation 2, a substantial 

decrease of 58.3% is observed in the capacity of transfer contamination. In order to enable the reception 

of additional 1.5 kg/h of pollutant for operation 3, the concentration interval is increased by 200 ppm, 

and consequently, the water requirement is decreased by 10 t/h. Applying the same reasoning as the 

previous operation, a considerable water requirement quantity of 50 t/h is saved. The saving achieved 

is 35.66% of freshwater consumed when compared with the base case. 

6.2.2.3 Concentration interval gap between all operations 

Higher structures complexity leads to higher variability, wherein we now study the behavior of the 

software tool in the presence of concentration interval gap between all operations of a more complex 

network. 

 

Figure 6.14. Concentration interval gap between all operations for 4O&SC 

It is observed a total mass exchange of 14.875 kg/h, corresponding to 27.5 t/h lower limiting flowrate 

required compared to the base case. In these process structures, the freshwater savings can be 

considerable taking in mind that each operation requirement takes better advantage of the capacities of 

water bodies and reutilization opportunities. As the mass load is directly proportional to the concentration 

interval and to the water flowrate, if the capacity of transfer contamination decreases throughout the 

operations mass exchange performance, it is accompanied by a decline on the needs of water flows, 
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and consequently, a lower consumption of additional freshwater. Consequently, sufficient internal water 

flows are available to be reused from the previous operations given that the concentrations are always 

inferior to the maximum inlet concentration of the operation under study. It is achieved a saving of 

78.83% of external water at 0 ppm. 

6.2.2.4 Concentration interval gap in last two operations 

Based on the previous analysis, is analyzed a new scenario where the concentration interval between 

the operations 2 and 3 is increased in order to exchange a higher quantity of pollutant by fixing on 18.75 

kg/h. 

 

Figure 6.15. Concentration interval gap in the last two operations for 4O&SC 

It is pretended to evaluate how the concentration gap position will increase or decrease the water 

consumption in the industrial plants. As mentioned earlier, the internal water allows for a better 

exploitation of reusing water streams as also to identify opportunities to integrate internal processes 

through equipment distribution or organization of operations. Whenever the concentration gap occurs, 

it is required to calculate the water flow quantity to perform the interval mass exchange, which is 

generally lower than that required if brought from the previous immediate concentration level. By 

comparing 93.25 t/h with 46.00 t/h between the base case and the current scenario, is obtained a saving 

of 50.67%. 

6.2.2.5 Mixed first in first out (FIFO) with last in first out (LIFO) 

The scenarios shown in figure 6.16, seeks to evaluate the performance in the presence of a 

concentration gap between operation 1 and 2 as well as the water consumption using a mixing strategy 

of first in first out (FIFO) with last in first out (LIFO). A total of mass transferred equals 18.0 kg/h which 

is lower than 44.3 kg/h from the base case, which is a reduction of 59.4%. 

 

Figure 6.16. Mixed first in first out (FIFO) with first in last out (FILO) strategy for 4O&SC 

The industrial process requires a minimal purity of the external water source of 85%. Despite the 43.64 

t/h made available at 55 ppm from operation 1, 27.85 t/h is consumed by operation 2, 12.86 t/h is brought 

into operation 3 and 2.93 t/h is required to perform the mass exchange from 120 to 125 ppm of operation 

4. As can be seen in the WaterGain software’s worksheet “4 operations with reutilization”, the 

unavailability of flowrate supplied from internal sources leads to freshwater consumption. The potential 

saving with a mixed strategy is 3.46% when compared with the base case. 
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6.2.2.6 Increase in limiting flowrate for first operation 

This is similar to the analysis in subsection 6.2.1.5 Concentration interval gap between all operations, 

however, the main difference relies on the limiting flowrate required and the increase in the mass load 

transferred of 26.6 kg/h, as shown in figure 6.17. This analysis considers a gap in the concentration 

intervals between all operations. 

 

Figure 6.17. Increase substantially the limiting flowrate for the first operation for 4O&SC 

The flowrate from operation 1 is substantially increased to 200 t/h, in order to avoid the capture of 

freshwater for the remaining operations since the flowrate required is lower than the available 50 ppm. 

The high consumption of freshwater in the current case, 120 t/h, leads to an increase of 28.69% with 

respect to the base case. 

6.2.2.7 Last in first out strategy 

The analysis presented in figure 6.18, pretends to evaluate the last in first out (LIFO) strategy. Since the 

first water streams to enter the process are the last to dispose water flows for reutilization, the current 

scenario transfers the highest possible contamination of 88.4 kg/h. Therefore, the last consumer water 

units to be performed, are the first to dispose water streams for reutilization. 

 

Figure 6.18. First in last out strategy for 4O&SC 

It is important to refer that the software tool deals with inverse reutilization in both simple and complex 

water network structures. The reutilization occurs backward, from operation 4 that first releases water 

flows at 90 ppm and is immediately available for reutilization in the upward operations. It can be 

concluded that higher costs are generated for freshwater capture as it is consumed until the downward 

operations release flowrate for reuse in the water demanding operation, and the pollutant transfer 

quantity decreases downward, the later dependent on the concentration interval. In comparison to the 

base case, the current analysis shows a 220.86% increase of freshwater consumption that is 205.95 

t/h, for performing all mass exchanges. 
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6.3 Results evaluation 

The previous sections presented the construction of the software tool as well as the assessment of 

water consumption, based on the modifications of process requirements. We now present the water 

savings, calculated for each of the base scenarios. The results are expressed on table 6.4 where the 

third column is the result from the sensitivity analysis that depends on the number of operations, the 

total mass load transferred, the presence of concentration gaps, repeated concentrations and the 

sequence of occurrence of the reutilization. 

Table 6.4. Freshwater savings comparison 

Strategy Number of 
operations 

Freshwater 
consumption 

Mass load 
transferred 

(kg/h) 

Water savings / consumptions 

Base case 3 43.97 9.675 - - - - - - - - - - - - - - - - 
Scenario 1 3 43.52 9.575 (43.97 - 43.52)/43.97 * 100 = 1.02% 
Scenario 2 3 70.53 20.22 (43.97 - 70.53)/43.97 * 100 = -60.40% 
Scenario 3 3 59.40 19.88 (43.97 - 59.40)/43.97 * 100 = -35.10% 
Scenario 4 3 40.00 4.40 (43.97 - 40.00)/43.97 * 100 = 9.03% 
Scenario 5 3 35.00 5.10 (43.97 - 35.00)/43.97 * 100 = 20.40% 
Scenario 6 3 73.00 14.60 (43.97 - 73.00)/43.97 * 100 = -66.02% 
Scenario 7 3 143.34 34.20 (43.97 - 143.34)/43.97 * 100 = -226.00% 

Base case 4 93.25 44.30 - - - - - - - - - - - - - - - - 
Scenario 1 4 90.00 41.00 (93.25 - 90.00)/93.25 * 100 = 3.49% 
Scenario 2 4 60.00 32.00 (93.25 - 60.00)/93.25 * 100 = 35.66% 
Scenario 3 4 19.74 14.875 (93.25 - 19.74)/93.25 * 100 = 78.83% 
Scenario 4 4 46.00 18.75 (93.25 - 46.00)/93.25 * 100 = 50.67% 
Scenario 5 4 90.02 18.00 (93.25 - 90.02)/93.25 * 100 = 3.46% 
Scenario 6 4 120.00 26.60 (93.25 - 120.00)/93.25 * 100 = -28.69% 
Scenario 7 4 299.20 88.40 (93.25 - 299.20)/93.25 * 100 = -220.86% 

 

One of the biggest advantage of the developed software tool when compared to the software proposed 

by Gomes et al. (2013) relies on the fact that it is not necessary to organize the processes in the limiting 

operational data by their maximum inlet concentration in an ascending order. 

This chapter has focused the industrial water network management with single contaminants for the 

reutilization integration strategy. Based on the industrial cases taken from the literature, the developed 

WaterGain software was successfully tested. 
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CHAPTER 7. Multiple Contaminant Software Tool 

In an oil refinery, the water has multiple applications both in liquid and vapour phase. Some of the 

applications include the vapour generation, cool down the products, reduce the partial pressure in the 

fractionating columns and dilute the chemical products among other uses. A petroleum refinery, as 

shown in figure 7.1, generates a huge amount of effluents with high concentrations that require a 

treatment before its discharge to the environment. 

 
Figure 7.1. An oil refinery processual diagram (Fahim et al., 2010) 

 

The chemical composition of crude oil varies substantially among the reservoirs across the world. The 

crude oil is a liquid mixture of hydrocarbon compounds with different proportions of hydrogen and carbon 

that affects its structure. The undesirable presence of impurities such as sulphur, nitrogen, oxygen and 

metals in lower quantities affects the quality of the produced products. In table 7.1, it is presented the 

the average mass percentage of each element in the crude oil. 

 
Table 7.1. Elemental composition of crude oils (Fahim et al., 2010) 

Elements Mass percentage (%) 

C – Carbon 83 - 87 

H2 – Hydrogen 10 - 14 

N2 – Nitrogen 0.1 - 2 

O2 – Oxygen 0.05 - 1.5 

S – Sulphur 0.05 - 6 

Metals < 0.3 
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7.1 WaterGain+ software 

The WaterGain+ is a multiple contaminant software tool that we developed using thirteen macro-enabled 

worksheets, which comprise the introduction of the limiting operational data, the reference operation 

determination, the reference operation adjustment, the non-reference operations’ adjustment, the key 

mass ratios, the reference contaminant adjustments, the data for the WSD, the calculations for the WSD, 

the water source diagram, the mass exchange network and the removal of the concentration limit 

violations in order to obtain the optimized water network. An overview of the sequential utilization of 

these worksheets and interpretation of the respective outputs to evaluate the water reutilization 

opportunities are presented in the following sections. 

The software tool is accessed by executing the macro-enabled worksheet WaterGain+. In the first 

WaterGain+ worksheet, “Limiting operational data”, the user introduces the number of operations and 

contaminants (green area) as shown in figure 7.2. When clicked the button “Ok”, the software instructs 

the user through a MsgBox “Introduce the limiting operational data” for the need to introduce the limiting 

operational data from the historical records of flowrates, maximum inlet and outlet concentrations data. 

 

Figure 7.2. Select the number of operations and contaminants 

The Cartesian product of operations and contaminants is generated in order to determine the number 

of rows required to build the table with the maximum operational data which is instantly provided after 

the “Create Table” button has been clicked. As shown in figure 7.3, the user must click on the “Insert 

data” button so as to introduce the general information such as operations (B13:B24), contaminants 

(C13:C24) and mass load transferred (E13:E24). This software feature is intended to save the time of 

industrial experts by avoiding the manual introduction of these values, which is cumbersome when large 

number of operations and contaminants are involved. A maximum of 26 contaminants is permitted, 

which is the number of alphabet letters as defined by arrayC(26). 

 

Figure 7.3. Table before introducing the maximum operational data 

Since the maximum operational data in the green area is user defined, the user has to introduce the 

limiting flowrate (t/h) and the maximum inlet and outlet concentrations (ppm) data. Subsequently, when 
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the button “Insert data” is clicked, the last part of the code updates the mass load transferred (t/h) based 

on the data introduced. Figure 7.4 presents the data table that is obtained and will be used throughout 

the WaterGain+ contaminated water network building process. 

 

Figure 7.4. Limiting operational data (Doyle and Smith, 1997) 

7.2 Reference operation and contaminant adjustments 

For multiple contaminant water networks, the water source diagram is developed based on the reference 

contaminant starting from the reference operation, which demands water of pure quality. In order to 

meet these rules, step 1 must be performed to identify, which contaminant has the lowest maximum 

inlet concentration in most processes, so that we reuse water with lower contamination levels, and later 

determine the equivalent concentration of the non-reference contaminants. Cells B12:G15 in figure 7.5 

provide a verification table to compare if the contaminant with the higher value of count, column G, is 

taken as the reference contaminant. Figure 7.4 shows that operation 1 receives water at 0 ppm, the 

cleanest water available and therefore, is the reference operation. Thereby, contaminant A is taken as 

the reference pollutant and the first operation is taken as the reference operation. One of the 

assumptions made while constructing the software tool, was the availability of at least one operation 

requiring freshwater to perform the mass exchange. 

 

Figure 7.5. Step 1 – Reference operation and reference contaminant identification 

Now, as we have identified the reference operation and the reference contaminant, the reference 

operation inlet concentration adjustments can be performed using the worksheet “Step 2 Adjustment 

Reference Op”. According to the reasoning presented above, the reference operation receives water at 

a maximum inlet concentration of 0 ppm. In the second step of WaterGain+, the inlet concentration, for 
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each non-reference contaminant in the reference operation, is changed to 0 ppm. As the input 

concentration values were changed, and assuming a linear relationship of contamination transferred in 

order to guarantee the same amount of contaminant exchange, the outflow concentration needs to be 

calculated. The difference between the outlet and inlet concentrations in figure 7.4, provides the adjusted 

outlet concentration value of the non-reference contaminants as seen in figure 7.6. 

 

Figure 7.6. Step 2 – Reference operation inlet concentration adjustments 

7.3 Non-reference operations’ requirement adjustment 

Now that we have adjusted the concentrations to maintain the equivalence between all concentrations 

values with respect to the reference operation, the focus turns to be on the non-reference operations in 

order to evaluate the water reutilization opportunities. Therefore, an adjustment of the concentrations is 

required whenever the outlet concentration for a given contaminant in the reference operation is higher 

than the admissible value, at the entrance of the remaining operations, which means that the stream 

reutilization becomes unfeasible, as shown in figure 7.7. However, if the above condition is not met for 

more than one contaminant, the selection is based on the contaminant that presents the worst condition, 

which is the pollutant with the highest value of count. 

 

Figure 7.7. Step 3 – Reference operation inlet concentration adjustments 

In the current example, B is the contaminant to be adjusted as concluded in cell D17 of figure 7.7. The 

adjustments required to obtain the equivalent feasible concentration, are made using the key mass 

transfer ratios calculated in the worksheet “Key Mass Ratios” as represented in figure 7.8.  

 

Figure 7.8. Key mass transfer ratios 
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According to figure 7.7, it is known the unfeasibility of operation 2 receiving water from the first operation 

due to the higher level of contamination. The worksheet “Step4 Reference Cont Adjusts” presents the 

inlet and outlet concentration scaling from pollutant B in operation 2, with respect to the concentration 

values of the reference contaminant. The main goal of the adjustments is to obtain both the 

concentrations in the same scale, which are indexed to the reference contaminant. Thereby, the inlet 

concentration of A in the second operation, will be determined by using the key mass ratio from cell E9 

(KB,A,1 = 2.81) in figure 7.8, based on the mass conditions of the reference operation. Later, the 

corresponding adjusted outlet concentration of contaminat A in the second operation is calculated based 

on the mass exchange conditions from operation 2, which is expressed by cell H12 (KB,A,2 = 1.70). The 

results of the fourth step are thereafter presented in figure 7.9. 

 

Figure 7.9. Reference contaminant concentrations scaling for reuse 

7.4 Construction of water source diagram 

The worksheet “Data for WSD” is similar to the limiting operational data of the WaterGain, and provides 

the data for the construction of the water source diagram as shown in figure 7.10. This worksheet 

includes the information for the reference contaminant of the mass load transferred and external water 

source consumption, required to perform the mass exchange for each operation in the limiting condition. 

 

Figure 7.10. Data construction for water source diagram 

The WaterGain+ software now performs the calculations in order to construct the water source diagram. 

These are used to validate the values of aggregated flows, freshwater requirement and the water 

streams reused, in tons per hour and per operation. These values are calculated in the worksheet 

“Calculations for WSD”, wherein the figure 7.11 represents a printscreen of the partial calculation. 
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Figure 7.11. Aggregated flows and water available for reutilization for the water source diagram 

Two major assumptions have been made while developing the calculations in the worksheet. First, the 

data construction with an MRP structure constantly measures the water available in the beginning of the 

interval, the additional quantity of water required to perform the mass exchange, the water streams 

reused, and the water flowrate available at the end of the interval. With this structure and for a given 

interval, the WaterGain+ moves backward until it finds the remaining water available from the operations’ 

water flows that are being reused. Therefore, the water streams can bring the first water disposable that 

is found, instead of the more contaminated water. Secondly, the software deals with a single external 

water source at 0 ppm which is consumed in the absence of any opportunity to reuse the water flows 

required. Figure C.8 of Appendix C provide these calculations in greater detail. 

Subsequently, in worksheet “Step5 Water Source Diagram”, is generated the corresponding water 

source diagram for the multiple contaminant network with reutilization, as shown in figure 7.12. This 

diagram includes the information of concentrations sorted in ascending order, and the limiting flowrates 

from worksheet “Data for WSD”, as well as the external and internal water streams from the worksheet 

“Calculations for WSD”. This diagram which is similar to a Gantt chart of the total mass load transferred 

is plotted along with the evolution of the contaminant’s concentration values in parts per million (ppm) 

for each of the operations configured. 

  

Figure 7.12. Water source diagram 
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7.5 Mass exchange network  

Now as we have obtained the final WSD structure, the attention turns to the construction of the mass 

exchange network and inspection of the operational concentrations with the respective limiting values, 

which is obtained by clicking on the button “Water network data table” in worksheet “Step 6 Mass 

Exchange Network”. To the best of our knowledge, this methodology required manual calculations to 

deal with multiple contaminations in water networks. This posed some challenges while developing this 

methodology into a software. An intermediate step is required to support the construction of the water 

network. Therefore, the development of WaterGain+ presents yet another contribution by concentrating 

all the data with respect to the contamination, water flowrate reused, number of operation divisions and 

the wastewater generated, as shown in figure 7.13. 

 

Figure 7.13. Data for water mass exchange network construction 

The data in figure 7.13 is organized as the source operation (row 8) to destination operation (column B) 

which is easier to visualize and accompany the contamination along the water network, as well as to 

view not only the number of splitters resulting from the operation divisions, but also the number of mixers 

for the cases where an operation receives water from multiple operations. In the first place, the 

freshwater requirement for each operation, is placed in cells C10, C14, C18 and C22. Secondly, the 

flowrates reused are introduced. Later, the sum of splitter flows are calculated, which correspond to the 

water streams at the outlet of each operation. Thereafter, the sum of mixer flows are obtained by adding 

all flowrates reused for each operation. Considering the first operation, the sum of cells 

C10+E10+F10+G10 returns the total water stream at the entrance of operation 1. To determine the 

number of splitters (countSplitter) and mixers (countMixers) required, a condition is introduced. If the 

count is greater than 1, a splitter or mixer is placed. The WaterGain+ software does not consider any 

water losses across the network, and hence, the flows at the inlet equals the flows at the outlet of an 

operation. Thereby, the total wastewater released, is given by the difference between the total flows 

entering the mixer and the total flows reused from an operation going to a splitter, for instance, the 

wastewater from operation 2 is given by H14 - E26. Once the flows have been introduced, the attention 
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now turns to be on the inlet and outlet operational concentrations. From figure 7.13, operation 3 receives 

34 t/h of water from operation 1 (cell D18), and 27.45 t/h from operation 2 (cell E18), with different 

contaminations. The third operation will receive a flowrate of 61.45 t/h with an weighted average 

concentration between those two water streams reused, which is expressed from cells H19 to H21. 

7.6 Network changes to enforce concentration limits 

This step comprises the design of the water network that may be the final network or require further 

concentration adjustments based on the binaryCin (column H) and binaryCout (column I) values. In 

figure 7.14, the inlet and outlet concentrations (columns D and E) are compared with the corresponding 

limiting values (columns F and G) in order to verify if the optimal network has been obtained. Although 

the sum of binaryCin equals zero, there are two of the outlet concentrations that exceed the maximum 

allowable. The first network is designed by the worksheet “Mass Exchange Network” by clicking on the 

button “Water Network Generation”. The operations and the respective contaminants are identified to 

adjust the concentrations to their maximum value. According to figure 7.14, the new mass balance has 

to be performed for contaminants C and B, respectively for operations 3 and 4. Thereby, the new flowrate 

required is calculated in order to overcome this unfeasibility in the water recovery. 

 

Figure 7.14. Contaminant concentration limits verification 

Figure 7.15 represents the first mass exchange network, where a graphical visualization of the water 

streams is obtained in figure 7.13. In order to better exploit the water capacities within the industrial 

plant, the 16.29 t/h of effluent discharge to outside of the industrial plant from operation 2, is redirected 

to operations 3 and 4, in order to lower the inlet concentrations for the contaminants previously identified, 

thereby avoiding the freshwater consumption. With the performance of mass exchange, the water 

receives a specific level of contamination and hence, the corresponding outlet concentration increases. 
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Figure 7.15. Water mass exchange network 

Once figure 7.15 is obtained, the WaterGain+ analyzes if the actual network is optimized based on the 

binary values of Cin and Cout. The software tool identifies the operation(s) and contaminant(s) that 

exceed the concentration restrictions, as shown in figure 7.14. In WaterGain+, the violations of the  

maximum concentrations are solved one at a time, corresponding to one iteration each. To begin the 

optimization and for the first unfulfilled restriction of the sequence of operations, the outlet concentration 

of the first identified contaminant is placed at its maximum value. Later, all flows with the admissible 

concentration are analysed in order to solve the specific contaminant concentration restriction. 

Now we shift our attention to the water allocation to overcome the concentration unfeasibility, wherein 

is verified the possibility of increasing the water streams, in order to dilute the concentration of the 

contaminant whose restriction is not being satisfied. Here, if the maximum flow (maxflow) is lower than 

or equal to the flow going through operation (flowOp), the water is brought from a source operation that 

is supplying water to the demanding operation. From the available water sources, the operation with the 

minimum concentration for the contaminant whose limiting concentrations exceeds is reused within the 

industrial plant, however, ensuring that the concentration limits for other contaminants of the operation 

in consideration do not exceed their maximum inlet value, Cin,max. Thereby, the wastewater streams are 

redirected into the demanding operation, wherein is considered that additional cost may arise from the 

direct pipe connection.  

It may be noted that the work developed in Gomes et al. (2013), had not established any rule to 

determine the increase of water flows, required to ensure that the maximum concentration restrictions 

are accomplished. The current work overcomes this hurdle whenever the operational inlet and/or outlet 

concentration exceeds its limiting value, and hence, equation 42 is developed to calculate the additional 

flowrate required (dflow). This equation ensures the minimal internal water consumption while fulfiling 

the concentration restrictions placed by Cin ≤ Cin,max and Cout ≤ Cout,max. The new flowrate, Fnew, for an 

operation is given by equation 43, whereas the dflow is only consumed if the limiting water stream for 

that operation is not exceeded. 

dflow =  
∆mkc−flowOp(Ckc

out,max−Ckc
in )

Ckc
out,max−Cdflow

,      ∀C
dflow

 ≤ C
in,max 

(42) 

Fnew = Fold + dflow (43) 
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In the case that all the water coming from possible operations is used, that is, the water streams from 

operations are reused and there is need for additional water flowrate, the available wastewater from the 

remaining operations whose reused flows equal zero will be used, subjected to the following rules: i) the 

concentration of the contaminant in study from water flow being brought shall be lower to inlet 

concentration, Cin in mixer (entrance of an operation); ii) the concentrations may not exceed the limiting 

inlet value, Cin,max, which is calculated by equation 44; and iii) Cin,max,iteration ≤ Cin,max as the Cin,max,iteration 

depends on the flow, and therefore, to meet the dflow, the software tool moves backward in the water 

network diagram to find and sort the flows in the decreasing order of the concentrations of the 

contaminant under study. 

Cin,max =
∆m

F
+ Cout,max  (44) 

 

Considering the third operation and the contaminant B, the value of ∆m3,B = 37600 kg/h recurring to 

figure 7.4, flowOp corresponds to the flowrate that goes to operation 3 which equals 61.45 t/h as shown 

in figure 7.15, Cout,max = 930 ppm according to figure 7.4, the inlet operational concentration (Cin = 351.92 

ppm) is taken from the water mass exchange network shown in figure 7.15, and Cdflow represents the 

concentration of the flow that is brought to satisfy the additional water requirement. As can be seen in 

figure 7.15, the only wastewater available before operation 3 is 16.29 t/h at 230.44 ppm of B which is 

lower than C3,B
in  = 351.92 ppm of B, and hence, Cdflow = 230.44 ppm of B and dflow = 2.97 t/h. The new 

value of the water streams reused will hence be the sum of the actual water stream reused and dflow, 

given by equation 43, which equals to 64.42 t/h. Figure 7.16. represents the optimized water network. 

 

Figure 7.16. Optimized water network 

In conclusion, the application of the water source diagram leads to a freshwater consumption of 89.33 

t/h, which may be compared to the 95.73 t/h obtained using the Doyle and Smith (1997) methodology. 

This reduction accounts for a substantial saving of 6.7% of the external water captured.  

It may be noted that the cost of including pipes is much lower than the freshwater capture and hence, 

may not guarantee the minimal connections. Additionally, the sufficient effluents availability being 

discharged with lower concentration than the maximum admissible at the inlet of an operation, imposes 

that the freshwater consumption is always the last water source to be consumed. 
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CHAPTER 8. Conclusions and Future Research 

As emphasized on the onset of this thesis, the challenge of efficient water usage and complying with 

the international and country regulations are increasing day by day due to the phenomenon of massive 

industrialization. This justified the development of this thesis and the development of the industrial 

contaminated water network management software tools. This problem faces many challenges, as 

presented in the introduction of this thesis, and along the work developed we have attempted to fill in 

some of the gaps by developing practical software that can be useful to industries. 

8.1 Research Contributions 

In this thesis, we have developed two studies that were proposed as the research objectives for the 

industrial contaminated water network management and respective tools, specifically for solving the 

single contaminant and multiple contaminants industrial water networks.  

A review is presented of the European and National legislation as well as of the extant literature on 

industrial contaminated water network management, which provides a detailed overview of the state of 

the art as also the trends of the developed works. 

The software developed, evaluate the reuse strategy for both the single and multiple contaminants 

industrial water supply networks. The implemented procedure eliminates the need to reorganize 

processes in ascending order of their maximum output contaminant concentration. The software 

consider that only one of the operations requires freshwater in which the maximum acceptable 

contaminant concentration must be 0 ppm.  

Two industrial case studies are studied from the literature in order to evaluate the software developed 

for the single and multiple contaminant problems. The first industrial example involves a network of four 

water consumer operations containing only one contaminant, and the second concerns a petroleum 

refinery that has three water using operations involving three contaminants.  

The software generates the water source diagrams (WSD), the water mass exchange network (MEN), 

and obtain the percentage of water saved using reutilization strategy, which are tested and the results 

presented including the study of the sensitivity analysis. 

Despite the specificities of the problem studied in this thesis, the industrial contaminated water network 

management problem is common to industries that have production and manufacturing activities. 

Hence, many industrial plants may benefit from the software developed. Specifically, the thesis has 

achieved the objective of closing the distance between theoretical research and practical applications, 

as we studied the state of the art and successfully expanded the research by developing software that 

were successfully tested with industrial problems and now can handle operations with single and 

multiple contaminants.  
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8.2 Future research proposals 

As has been shown, this thesis addressed very relevant topics for the industrial contaminated water 

network management problem. As industrial plants can get very complex, this can be considered as an 

evolutionary work to existent research. There are adjacent areas where the developed tools could be 

applied so as to extend the reach of this work where we identify some of the research directions that 

can be pursued in a doctoral thesis. 

The software developed may be extended to include regeneration-reuse, regeneration-recycling 

strategies for the contaminated water networks. 

As the software consider that at least one operation requires fresh water, another research opportunity 

is to develop the inclusion of fresh water sources with maximum input concentrations above 0 ppm. 

Research could also take another direction, for instance to create clusters of industrial water consumers 

and reuse the contaminated water among various industrial plants, thereby sharing the costs and 

utilization of regeneration equipment. 

Another research opportunity is to include the existence of multiple sources of water. As the flows of 

contaminated waters are directly related to their commercial value, the streams with higher 

contamination will require to be used first. 

Form the economic viewpoint, an important benefit would be to consider the costs of water harvestation 

so that they may be adequately selected in accordance to the characteristics of the catchment region. 

For the benefit of environmental sustainability, a relevant improvement would be to develop a penalty 

function to penalize any leakage in the water networks. 

A direct implication of the focus on the continuous plant operations in the current thesis, following the 

comprehensive literature review, is that the batch plant operations and methodologies were not 

developed. However, many industries are configured as batch operating plants, and hence 

methodologies concerning batch plants is another potential area to develop. 

Finally, it would be important to study the utilization of these software at the factories, along with industry 

specialists, so as to obtain the results of real world experiences, and thereby obtain further managerial 

insights and proposals for improvements. This process could identify important design and performance 

improvement implications. 

8.3 Closing remarks 

In conclusion, this Master thesis proposed many novel research ideas; developed two software tools for 

industrial contaminated water network management for single contaminant and multiple contaminants; 

applied the software to two industrial cases taken from the literature and presented a sensitivity analysis 

of the results; and identified several practical implications and future research directions. With this work, 

we trust to have achieved the research objectives to study the planning of Industrial Water Networks in 

detail and have made a relevant contribution to Industrial Engineering and Management.
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Appendix A - Licensing Procedures 

A.1 Superficial water catchment licensing 
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Figure A.1. Procedure for superficial water capture licensing (Adapted from CCDR-LVT, 2005) 
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A.2 Groundwater catchment licensing 
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Figure A.2. Procedure for groundwater capture licensing (Adapted from CCDR-LVT, 2005) 
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A.3  Groundwater catchment licensing (continuation) 
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Figure A.3. Continuation of the procedure for groundwater capture licensing (Adapted from CCDR-LVT, 2005) 
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Appendix B - WaterGain Software Manual 

WaterGain is the single contaminant software tool that involves seven macro-enabled worksheets, 

comprising of a set of two worksheets each for the 3, 4 and 5 process networks, which model the without 

integration, and with reutilization networks, and a worksheet that yields the water savings per network 

when compared without integration to the with reutilization strategy. An overview of the software tool 

utilization, including the outputs are presented in the following sections, beginning with the non-

integrated network, followed by the reutilization network, and finally a comparison of water savings with 

reutilization. This illustration exemplifies the 3-operation networks, however the 4 and 5-operation 

networks have also been developed and tested with the software. 

B.1  Single contaminant network without integration 

The software tool is accessed by executing the macro-enabled workbook WaterGain. In the first 

WaterGain worksheet, “3 without integration”, the user will introduce the limiting operational data (green 

area), and clicks on the button “Remove duplicate values” in order to build and sort the base 

concentration values, as shown in figure B.1. 

 

Figure B.1. Introduction of the limiting operational data 

Based on the above configuration, the WaterGain software produces the Water Source Diagram (WSD) 

as presented in figure B.2. The WSD shows the mass load transferred and the external water source 

consumption in tons per hour, as well as the evolution of the contaminant concentration values, for each 

of the operations configured. 
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Figure B.2. Water Source Diagram 

The WaterGain software also projects the Water Network Diagram (WND) as presented in figure B.3. 

As observed, the WND shows the freshwater consumption (above the line) per operation in tons per 

hour, and the contaminant concentration (below the line) at the output of each operation. 

 

Figure B.3. Water Network Diagram  

B.2 Single contaminant network with reutilization 

The WaterGain software tool also models the single-contaminant network with reutilization, accessed 

by using the worksheet, “3 with reutilization”. This uses the limiting operational data that was introduced 

in the “3 without integration” worksheet. As shown in figure B.4, the user may click on the button 

“Remove duplicate values” in order to build and sort the base concentration values. 

Mass load transferred External water source

1 2 3 4 5 6

0 10 20 25 120 150 220
Flowrate (t/h)Cin (ppm) Cout (ppm)

45 10 25 0,00 450,00 225,00 0,00 0,00 0,00 Δm1 

0,00

22,50

4,50

0,00

0,00

0,00 27,00 Freshwater from 1st operation

34 20 120 0,00 0,00 170,00 3230,00 0,00 0,00 Δm2

0,00

0,00

6,80

21,53

0,00

0,00 28,33 Freshwater from 2nd operation

80 150 220 0,00 0,00 0,00 0,00 0,00 5600,00 Δm3

0,00

0,00

0,00

0,00

0,00

25,45 25,45 Freshwater from 3rd operation

80,78

Water Source Diagram

Concentration (ppm)

Caption

Minimal consumption of freshwater

Remove duplicate values

80,78

0

27,00 27,00

0 25

28,33 28,33

0 120

25,45 25,45

0 220

Water Network

t/h

t/h

t/h

Operation 1
t/h

Operation 2

Operation 3

t/h

t/h

t/h



APPENDIX B: WaterGain Software (Single contaminant)                                                                                       91 

 
 
 

 

Figure B.4. Introduction of the limiting operational data 

Based on the above configuration, the WaterGain software derives the Water Cascade Table (WCT) for 

the network with reutilization as presented in figure B.5. The WCT shows the contaminant concentration 

levels Ck and the concentration differences ΔCk in parts per million (ppm); the total water demand 

flowrate ΣFsink, the total water source flowrate ΣFsource, the net water flowrate ΣFsource –ΣFsink, and 

the cumulative net water Fcumulative in tons per hour (t/h);  and the mass load transfer Δm, and 

cumulative mass load Δmcumulative in kg per hour. The pinch concentration is determined and the 

optimal water cascade where Δmcumulative =0, which ensures the minimal external water consumption. 

Figure B.5. Water Cascade Table 

Likewise, is generated the Water Source Diagram (WSD) for the network with reutilization as presented 

in figure B.6. Here, the mass load transferred and the external water source consumption are shown in 

tons per hour, as well as the evolution of the contaminant concentration values in parts per million (ppm), 

for each of the configured operations. 
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220 9675 -43,98
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Figure B.6. Water Source Diagram 

The WaterGain software shows the calculations made for the construction of the WSD so one may 

perform a quick validation or observe the detailed calculations, as shown in figure B.7. The buttons 

“Show detailed calculations” and “Hide detailed calculations” may be used to reduce or increase the 

calculation details. Specifically, for each operation, are shown the aggregated flows from operations, 

and the available water for reutilization in tons per hour. The output includes the freshwater requirements 

per operation and the water streams reutilization from one operation to another. 

Figure B.7. Calculations for the Water Source Diagram construction 

The WaterGain software provides the Water Network Diagram (WND) for the reutilization network as 

presented in figure B.8. As may be seen, the WND shows the freshwater consumption in tons per hour 

(plotted above the connecting links), and the contaminant concentration in ppm (plotted below the 

connecting links) between the operations.  
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Figure B.8. Water Network Diagram 

B.3 Comparison of water gains 

The WaterGain tool provides a comparison of the water savings obtained when considered 3, 4, and 5 

operations, for either without integration or with reutilization as shown in table B.1. The comparison 

includes the flowrates of the freshwater as well as the percentage of water saved for each of the cases 

examined. 

Table B.1. Water savings with reutilization  
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Appendix C - WaterGain+ Software Manual 

WaterGain+ is the multiple contaminant software tool that is constructed using eleven macro-enabled 

worksheets, which comprise the introduction of the limiting operational data, the reference operation 

determination, the reference operation adjustment, the non-reference operations’ adjustment, the key 

mass ratios, the reference contaminant adjustments, the data for the WSD, the calculations for the WSD, 

the water source diagram, the mass exchange network, and the removal of the concentration limit 

violations. An overview of the software tool is presented, considering 4 operations and 3 contaminants. 

The sequential utilization of these worksheets and interpretation of respective outputs are presented in 

the following sections.  

C.1  Introduction of the limiting operational data 

The software tool is accessed by executing the macro-enabled workbook WaterGain+. In the first 

WaterGain+ worksheet, “Limiting operational data”, the user introduces the number of operations, the 

number of contaminants (green area), and clicks the button “Create table” in order to build the table for 

the limiting operational data, which creates the rows required for the Cartesian product of operations 

and contaminants. The user then introduces the limiting flowrate, and the maximum inlet and outlet 

concentrations (green area), and then clicks “Insert data”, in order to calculate the mass load transferred, 

as shown in figure C.1.  

 

Figure C.1. Introduction of the limiting operational data 
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C.2 Identify reference operation and contaminant 

Based on the limiting operational data, the WaterGain+ software performs step 1, which identifies the 

reference operation and the reference contaminant as presented in figure C.2. Here, the reference 

operation will be the one that requires the clearest water (i.e. contaminant concentration = 0), implying 

an external water source. The reference contaminant is the one that has the lowest maximum inlet 

concentration in the maximum number of operations. In case of both contaminants can be the reference, 

the WaterGain+ selects the first contaminant that appears, that is, contaminant A. 

 

Figure C.2. Reference operation and contaminant identification 

C.3 Reference operation inlet concentration adjustment 

The worksheet “Step 2 Adjustment Reference Op” performs the reference operation inlet concentration 

adjustments. By clicking on the button “Adjust inlet concentrations”, the inlet concentration is adjusted 

for the reference operation and for all the non-reference contaminants as shown in figure C.3. As the 

water is received at 0 ppm, the concentrations of the remaining non-reference contaminants need to be 

adjusted as a function of the input concentration of the reference contaminant (maximum inlet 

concentration). As the input concentration values of the non-reference contaminants were changed, 

then in order to guarantee the same amount of contaminant transferred, the Key Mass Ratio is used, 

which is assumed to be linear in order to determine the concentration of the outflow. 

 

Figure C.3. Reference operation inlet concentration adjustments 
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C.4 Non-reference operations’ requirement adjustment 

In worksheet “Step 3 Adjustment NonReference”, by clicking “Adjustment requirement for non-reference 

operations”, are generated the contaminant’s adjustments for the non-reference operations as shown in 

figure C.4. This is performed by evaluating which operations may reutilize water, which is the underlying 

condition. In the example below, operation 1 is the reference operation whose outflow must observe 25 

ppm and operation 2 requires water at 30 ppm. In that case, it will supply operation 1, as the output 

concentration of the reference operation is less than the concentration of the following operation. The 

adjustments are made by determining which contaminant is at worst-condition, this is the one that has 

the higher count and hence is the one that needs to be adjusted. 

 

Figure C.4. Adjustment requirement for non-reference operations 

Key mass transfer ratios 

In worksheet “Key Mass Ratios”, by clicking on “Mass Ratios” are calculated the mass transfer ratios for 

the reference and non-reference operations and contaminants as shown in figure C.5. 

  

Figure C.5. Key mass transfer ratios 
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C.5 Adjust reference contaminant concentration for reuse  

In worksheet “Step4 Reference Cont Ajusts”, by clicking on “Reference contaminant concentration 

adjustments”, is generated the reference contaminant concentration adjustments  for reuse 

opportunities, as shown in figure C.6. 

 

Figure C.6. Reference contaminant concentration adjustments for reuse  

C.6 Construction of water source diagram  

The worksheet “Data for WSD” provides the data for the construction of the WSD as shown in figure 

C.7. The user must click on the button “Reference contaminant data for WSD”. This includes the mass 

load transferred and the external water source consumption in tons per hour, and the maximum inlet 

and outlet contaminant concentration values for each operation. 

 

Figure C.7. Data construction for Water Source Diagram 

Calculations for WSD construction 

The WaterGain+ software now performs the calculations in order to construct the WSD, which may be 

used for the validation of the detailed calculations, as shown in figure C.8. For each operation, are shown 

the aggregated flows from operations, and the available water for reutilization in tons per hour. The 

output includes the freshwater requirements per operation and the water streams reutilization from one 

operation to another. To present this calculations, the user must click on the button “Ok”. 
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Figure C.8. Calculations for the Water Source Diagram 

Generation of water source diagram 

Subsequently, in worksheet “Step5 Water Source Diagram”, is generated the Water Source Diagram 

(WSD) for the multiple contaminant network with reutilization, which is shown in figure C.9. This plots 

similar to a Gantt of the mass load transferred and the external water source consumption in tons per 

hour, as well as the evolution of the contaminant concentration values in parts per million (ppm), for 

each of the configured operations. 

 

 

 

 

 

 

 

 

 

 

 

Figure C.9. Water Source Diagram 
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C.7 Mass exchange network  

The worksheet “Step6 Mass Exchange Network” generates the Water network data table of the water 

flows between the source and destination operations and presents the sums of flows in the splitters and 

mixers as shown in figure C.10. This data is then used by the software to generate the water network 

diagram which is presented in figure C.12.  

 

Figure C.10. Mass exchange network 

Figure C.11 presents the concentrations verification table in order to inform the user if the network 

obtained in figure C.12 is optimized or require further concentration and mass balances adjustments. 

The construction of this table, has the operational concentrations from figure C.10 and the limiting inlet 

and outlet concentrations that had been extracted with industrial experts.  
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Figure C.11. Contamination concentrations 

The user must click on the button “Water Network Generation” so as to design the corresponding 

industrial water network for the process in consideration. The water network in order to meet the process 

requirements is presented in figure C.12.  

 

 Figure C.12. Water Network Diagram 

C.8 Network changes to enforce concentration limits 

Despite the effort to minimize the freshwater consumption, the network is not optimized in terms of 

process concentrations since figure C.11 identified some concentrations whose operational values 

exceed the corresponding maximum concentration. Therefore, the user must proceed to the following 

sequential worksheet “Step7 Optimized Water Network” in order to generate the changes in the network 

so as to enforce the concentration limits. 

 

Figure C.13. Network evolution considering concentration limits 


