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Abstract 

Increasing water demand by the process and allied industries coupled with global water stress and scarcity 
have underlined the importance of water as a crucial resource and increased the need for widespread 
adoption of water reuse and recycle. Early research based on water-pinch analysis addressed the use of 
systematic methods to identify the most promising opportunities for water reuse within a process plant. 
More recent work has addressed similar concepts in the framework of industrial symbiosis and Eco-
Industrial Parks (EIP) under the assumption of the leadership of an EIP authority. However, many 
wastewater plants continue processing wastewater to condition water for disposal, which means meeting 
the limits given by given regulations at a minimum cost. These wastewater plants may play a role in a 
growing market of regenerated water in which an increasing number of businesses and public services 
demanding water with different quality specifications. Hence, this work is presenting an MINLP model 
aimed at exploiting the flexibility of a wastewater treatment plant and maximizing its profit within this 
market. Results and discussion are provided in regard of a case study based on a wastewater treatment 
plant nearby Barcelona. 
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Introduction

Rising scarcity in fresh water resources coupled with 
an unrelenting increase on the water demand have pointed 
out the need of water reuse and recycle (United Nations 
Environment Programme, 2008). This is in accordance with 
the research requirements in order to reduce the 
consumption of natural resources (Ahmetović, 2015)  

The need to reintroduce used water in the water cycle 
once conveniently regenerated or conditioned to specific 
customer needs requires a systematic approach in order to 
close water loops in the most efficient way. 

In this light, water pinch methodology has been one of 
the most widely used approaches to systematize water 
treatment and reuse (Foo, 2009). It is still growing with 
recent developments (Klemeš et al. 2018).  
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In the last years, formulations derived from the water-
pinch method have been extended to consider industrial 
symbiosis approaches, where water is not only shared 
between different processes within a single area, but also 
between different industries and sites.  

The focus of the recent research has been to extend 
these ideas to the design of water networks of eco-industrial 
parks (EIP), which involve not only multiple processes, 
water sources and sinks, but also multiple stakeholders. 

In this regard, a pioneering work by Aviso et al. (2010) 
proposed a bi-level fuzzy optimization approach aimed at 
maximizing water exchange within eco-industrial parks, 
taking into account the regulations being implemented in 
the park. Hence, this kind of approach is centered in an EIP 



  
 
authority at the upper decision-making level. Tenant 
companies are expected to follow the conditions set by the 
EIP authority in pursuit of a common good. 

Boix et al. (2011) developed a generic model based on 
a multiobjective optimization approach for the design of a 
water supply system for an eco-industrial park, and showed 
that the best configuration could be efficiently identified by 
simultaneously minimizing the fresh water flow rate, the 
regenerated water flow rate and the number of connections 
within the eco-industrial park; furthermore, the same 
authors expanded this work to assess the flexibility of a 
water-network design (Montastruc et al., 2016), and De-
León Almaraz et al. (2016) extended these ideas in order to 
integrate energy exchanges within a EIP, proposing a new 
strategy for the design of Water Allocation and Heat 
Exchange Networks for multi-contaminant problems. Tiu 
and Cruz (2017) employed conflicting economic and 
environmental indicators in a weighted MILP model aimed 
at solving the trade-off between the diverse impacts 
produced by an EIP.  

However, these industry-centered approaches do not 
take into account other elements which also may help to 
improve the efficiency of the overall water cycle, such as 
satisfying ecological requirements, managing agricultural 
irrigation or treating urban water. Furthermore, the model 
assumes the presence of an EIP authority, which does not 
match the situation found in many existing wastewater 
treatment plants, that may play a significant role in a future 
market of conditioned water for social and industrial needs. 

The approach presented in this work is centered on the 
point of view of the wastewater treatment business that 
seeks to minimize costs considering scenarios in which 
options additional to disposal exist. On one hand, the 
common social or administrative deal needs to be met at the 
minimum cost (bringing wastewater to disposal conditions); 
but, on the other hand, added value can be produced at a 
higher cost, since conditioned water can be sold to new 
customers willing to pay for water if it meets their quality 
specifications. 

The approach here presented extends the strategy 
developed in a previous work (Somoza-Tornos et al., 2018) 
aimed at the maximization of industrial symbiosis 
opportunities. The model considers a transformation 
company seeking its own profit by processing wastewater 
from a set of available supplying processes and providing it 
as a raw material to a different set of water demanding 
processes. 

Problem Statement 

The design problem addressed in this contribution has 
as objective to determine the configuration of a generalized 
water network, including water sources and sinks, water 
users, water regeneration units, wastewater treatment units, 
and recycling/reusing options. The problem can be posed as 
follows:  

Given are:  

 A set of water inlets h with a known composition of 
contaminants j. Some of these inlets are wastewater 
streams, which might also be the aggregated result 
of collecting wastewater from different sources.  

 A set of available wastewater treatment units i with 
different elimination technologies that are managed 
through the definition of a set if operating modes r.  
Each plant and operating mode has an associated 
cost.   

 A set of water demands k from potential customers. 
These demands will generate an associated profit 
when the purity and flowrate constraints fixed by the 
customers are satisfied, and may also include 
ecological related demands (e.g.: aquifer 
direct/indirect injection), industrial/services 
requirements, agricultural requirements, etc.  Other 
environmental constraints should be also considered, 
like maximum pollutants loads and/or concentration 
in the water sinks, etc.). 

The decisions to be made include:  
 Distribution of wastewater into treatment units.  
 All the flowrates and compositions required to 

characterize the best way of satisfying the 
requirements from the different customers.  

Hence, the optimal treatment and distribution network 
has to be determined.    

A generic superstructure used to model the problem is 
represented in Figure 1.  
 

 
Figure 1. Superstructure for two inlets, two treatment units 

with three operation modes each and two water demand streams. 

Mathematical Formulation 

The problem is addressed through the formulation of a 
Mixed Integer Non-Linear Programming model in which 
continuous variables represent flowrates and concentrations 
and binary variables are associated to the states and 
decisions of the system. 

Water inlet 

Equation (1) defines the repartition of the global inlet 
to the wastewater treatment plant (𝑄𝑖𝑛 ) into the different 
lines (𝑄𝑡𝑢 ). This division is done through continuous 
variable 𝑋  with a range of [0,1], which must sum up 1 to 
ensure that all water is treated (Eq. (2)).  



  

𝑄𝑡𝑢 𝑋 ∑ 𝑄𝑖𝑛  ∀𝑖 (1)  

∑ 𝑋 1   (2) 

Treatment units 

Binary variable 𝑏  represents the operation mode r that 
is active in treatment unit i. Equation (3) calculates the 
water processed under the operation mode. Each line can 
only operate under a single mode at the same time, thus Eq. 
(4) is defined.  

𝑄𝑜𝑚 𝑏 𝑄𝑡𝑢   ∀𝑟|𝑅 1 (3) 

∑ 𝑏 𝑅 1 ∀𝑖 (4) 

Equation (5) represents the calculation of the 
concentration of treated water 𝐶𝑜𝑚  as a function of the 
active operation mode, the removal ratio 𝜌  and the inlet 
concentration 𝐶𝑖𝑛 . The binary variable 𝑏  represents the 
operation mode r that is active in treatment unit i. Hence, 
global concentration of the treatment unit 𝐶𝑡𝑢  can be 
calculated as in Eq. (6).  

𝐶𝑜𝑚 𝑏 1 𝜌 𝐶𝑖𝑛                                   ∀𝑟𝑗 (5) 

𝐶𝑡𝑢 ∑ 𝐶𝑜𝑚 𝑅                                             ∀𝑖𝑗 (6) 

In addition, each line and operation mode can only be 
active when inlet requirements, defined in Eq. (7), are 
satisfied.  

𝑀𝑖𝑛𝐶𝑖𝑛  𝐶𝑖𝑛 𝑏 𝑀𝑎𝑥𝐶𝚤𝑛                     ∀𝑟𝑗 (7) 

To ensure that the removal process has been successful, 
the outlet concentration has to fulfill the limits in Eq. (8).  

𝑀𝑖𝑛𝐶𝑜𝑚  𝐶𝑜𝑚 𝑀𝑎𝑥𝐶𝑜𝑚                      ∀𝑟𝑗 (8) 

The removal ratio is defined as a variable to reflect 
changes in operation conditions that may lead to different 
efficiencies, which will be assessed afterward when the 
costs of the treatment unit are calculated. Equation (9) 
expresses the range in which efficiency can move.  

𝑀𝑖𝑛𝜌  𝜌 𝑏 𝑀𝑎𝑥𝜌                                ∀𝑟𝑗 (9) 

Demand satisfaction 

𝑄𝑜𝑢𝑡  is a continuous variable denoting the flowrate 
sent to satisfy demand k, and is calculated in Eq. (10) 
through the factor 𝑌  with range [0,1] (Eq. (11)). Equation 
(12) expresses the limits to be satisfies by 𝑄𝑜𝑢𝑡 .  

𝑄𝑜𝑢𝑡 ∑ 𝑌 𝑄𝑡𝑢   ∀𝑘 (10) 

∑ 𝑌 1  ∀𝑖 (11) 

𝑀𝑖𝑛𝑄𝑜𝑢𝑡 𝑄𝑜𝑢𝑡 𝑀𝑎𝑥𝑄𝑜𝑢𝑡                      ∀𝑘 (12) 

Equations (13, 14) are the analogous definition and 
limit satisfaction constraint for the outlet 
concentration 𝐶𝑜𝑢𝑡 .  

𝐶𝑜𝑢𝑡 ∑ 𝑌 𝐶𝑖𝑛 𝑄𝑖𝑛 / ∑ 𝑌 𝑄𝑖𝑛   ∀𝑘𝑗 (13) 

𝑀𝑖𝑛𝐶𝑜𝑢𝑡 𝐶𝑜𝑢𝑡 𝑀𝑎𝑥𝐶𝑜𝑢𝑡                   ∀𝑘𝑗 (14) 

𝑎  is defined by Eqs. (15, 16) as a binary variable that 
takes a value of 1 if 𝑄𝑜𝑢𝑡 is greater than the demand 𝐷 .  

𝑄𝑜𝑢𝑡 𝐷 𝑀 1 𝑎                              ∀𝑘 (15) 

𝐷 𝑄𝑜𝑢𝑡 𝑀 𝑎                                        ∀𝑘 (16) 

Objective function 

The objective function to be maximized is the 
economic balance represented in Eq. (17). It includes the 
transformation cost as a function of the efficiency, the 
penalties for not satisfying the demand and the income from 
selling the regenerated water. 

𝑂𝐹  ∑ 𝑎 𝐵𝑖𝑛𝑓 𝑄𝑜𝑢𝑡 𝑃𝑖𝑛𝑓 𝐷
𝑄𝑜𝑢𝑡 1 𝑎 𝑃𝑠𝑢𝑝 𝑄𝑜𝑢𝑡 𝐷

∑ 𝛼 ∑ 𝛽 𝑄𝑜𝑚      (17) 

Problem formulation 

The resulting model for the water network design can 
be posed as follows: 

 
Model max [OF]   

s.t.   Eqs. (1-16) 

Case Study 

The model has been tested on a case study based on a 
real water network in the outskirts of Barcelona.  

The system should manage an aggregated wastewater 
stream of 55000 m3/day.  

The available treatment lines include:  
 A Membrane Bioreactor (MBR) with a capacity of 

25000 m3/day.  
 An Integrated Fixed-Film Activated Sludge (IFAS) 

with a capacity of 25000 m3/day.  
 A Traditional Wastewater Treatment Line (TWT) 

with a capacity of 60000 m3/day.  
All of them include the possibility of carrying out 

nutrient removal.  This possibility is characterized by 
defining two operation modes, depending if the nutrient 
removal is or is not active.  

The following key parameters must be traced during 
wastewater treatment: Suspended Solids (SS), Biochemical 
Oxygen Demand (BOD), Chemical Oxygen Demand 



  
 
(COD), Total Nitrogen (N) and Phosphorous (P). Each line 
has a defined efficiency range for the elimination of each 
one of these contaminants according to its operating mode.  

Ten potential water customers have been also 
identified, with their respective flowrate and purity 
constraints. Conventional customers include industries and 
service clusters. There is one ecological related customer 
associated to the convenience to cover direct water injection 
to an aquifer. In addition, and in order to face water excess 
after treatment, a customer with a high demand and zero 
profit specifications is defined (final water disposal).  

Results and Discussion 

The proposed model, featuring 337 equations, 195 
continuous variables and 16 binary variables, was coded in 
GAMS 24.4.6 and solved with BARON, obtaining a 
solution with 4k€/day savings respect of the current plant 
operation.  

Figure 2 compares the contaminant concentration at the 
wastewater inlet with the maximum removal capacity of 
each line. This concentration is compared to the legal limit 
for water disposal into the sea, to check the performance of 
the system.  

As observed, both the IFAS/SF and MBR units allow 
meeting the legal requirements for seaside disposal, yet the 
MBR system can eliminate contaminants well beyond the 
minimum standards (e.g. down to 30 COD compared to the 
125 required by legislation), therefore helping to meet the 
more demanding customer requirements. 

 

 
Figure 2. Inlet and performance of the contaminant removal 

of the three lines and of the nutrient removal system.  

The distribution of the wastewater inlet into the three 
available lines is depicted in Figure 3. MBR is almost used 
at their full capacity, while IFAS is working at a 48% of its 
nominal capacity and conventional wastewater treatment 
would only be working at a 30% of its nominal capacity.  

There are different factors which shape this decision. 
On the one hand, the MBR is required to meet the most strict 
water specifications since it is the system showing the 
highest contaminant removal. On the other hand, IFAS and 
TWT show similar performances in regard of removal ratio, 
and are used under different operation modes. While IFAS 
performs nutrient removal, TWT does not, offering more 

flexibility to the process. In addition, the former is the 
preferred option to produce water with a higher quality 
since it allows taking advantage of its strategic location, 
attaining significant saving in transportation costs 
compared to the conventional system, which is 
geographically displaced. 

 

 
 

Figure 3. Wastewater inlet to each line compared to its 
maximum capacity of the line.  

The contaminant concentrations of the final water 
streams, compared to the corresponding customer 
requirements are shown in Figure 4. All contaminants are 
removed inside the legal limits.  

Turning our attention to customers, we find that the 
most demanding requirements are those of K4 and K5 and, 
as a result, contaminants are not removed between the 
allowable limits (i.e. Eq. (14) is active for k = K4 and K5 in 
the optimal solution), and SS acts as bottleneck.  
 
 

 
Figure 4. Contaminant concentration expressed as a 

percentage of the allowable limit for each satisfied stream. 

Figure 5 illustrates the final network design. The inlet is 
divided into the three lines and the outlets are mixed and 
distributed to satisfy the demand of regenerated water from 
the different customers. 
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As MBR provides the water of highest quality, it is used 
to meet the requirements of the most demanding customers. 
Mixtures of water from MBR and IFAS or TWT satisfy 
clients with medium requests, in order to decrease the 
treatment cost. Conversely, K10 water specifications are 
lower, so it is satisfied with water from IFAS and TWT.  
 

 
Figure 5. Resulting network design for the case study. 

In order to satisfy more of the customers, new water 
sources might be introduced into the system, and some 
investments should be done to update or acquire new 
equipment, allowing the satisfaction of other customers 
demanding more purity.  

Conclusions 

In this contribution, we have presented an optimization 
model able to identify the most promising alternatives for 
the design of a reconditioned water network. This has been 
done from a wide scope where different water sources (from 
urban sewage water to industrial effluents) and consumers 
(from farmlands irrigation to service facilities) are 
considered.  

Results show the capabilities of the model to 
systematically provide solutions to the design problem (e.g. 
the calculation of the optimal combination of water from 
different treatment lines and technologies to solve the trade-
off between operation cost reduction and purity 
satisfaction).  

The proposed approach reflects a change of paradigm 
in the role of wastewater treatment plants, from passively 
receiving wastewater and reconditioning it for seaside 
disposal to an active attitude towards profit maximization. 
This repositioning will add extra pressure to this kind of 
facilities, which were designed to meet the water discharge 
limits established by legislation at a minimum cost.  

In this light, results suggest that existing wastewater 
treatment technologies can be a good starting point to create 
a much environmentally needed regenerated water network.   

However, if the recycling of water is to be pressed to 
its maximum capacity, which is highly probable due to the 
expected demand increase united to resources shortage, 
there is a need of investing on higher efficiency 
technologies, such as MBR. In parallel, it is crucial to work 

on a complete inventory, independently of its source, of the 
water flows in different areas, to design treatment plants 
according to it.  

Future work will also address the analysis of the role of 
recalcitrant contaminants, together with the incorporation of 
the tertiary treatment units required to their efficient 
elimination.  

 

Nomenclature 

Sets 

𝑖 = Treatment lines 

ℎ = Inlet wastewater stream 

𝑗 = Contaminant 

𝑘 = Demand stream 

𝑟 = Operation mode 

𝑅  = 
Operation mode r that exists in treatment 
line i 

Parameters 

𝑄𝑖𝑛 = Wastewater inlet flowrate ℎ  

𝐶𝑖𝑛 = Concentration of contaminant 𝑗 at inlet 
stream ℎ [𝑝𝑝𝑚] 

𝑀𝑖𝑛𝐶𝑖𝑛 = Minimum concentration of contaminant 
𝑗 at the inlet of operation mode 𝑟 [𝑝𝑝𝑚] 

𝑀𝑎𝑥𝐶𝚤𝑛 = Maximum concentration of contaminant 
𝑗 at the inlet of operation mode 𝑟 [𝑝𝑝𝑚] 

𝑀𝑖𝑛𝐶𝑜𝑚 = Minimum concentration of contaminant 
𝑗 at the outlet of operation mode 𝑟 
[𝑝𝑝𝑚] 

𝑀𝑎𝑥𝐶𝑜𝑚 = Maximum concentration of contaminant 
𝑗 at the outlet of operation mode 𝑟 
[𝑝𝑝𝑚] 

𝑀𝑖𝑛𝜌 = Minimum efficiency of contaminant 𝑗 
removal at operation mode 𝑟 [0-1] 

𝑀𝑎𝑥𝜌 = Maximum efficiency of contaminant 𝑗 
removal at operation mode 𝑟 [0-1] 

𝑀= Big M  

𝑀𝑎𝑥𝐶𝑜𝑚 = Maximum concentration of contaminant 
𝑗 at the outlet of operation mode 𝑟 
[𝑝𝑝𝑚] 

𝐵𝑖𝑛𝑓 = Profit for satisfying the demand of 

stream k 
€

 

𝑃𝑖𝑛𝑓 = Penalty for not satisfying the demand of 

stream k 
€

 



  
 

𝑃𝑠𝑢𝑝 = Penalty for exceeding the demand of 

stream k 
€

 

𝛼 = Cost coefficient for operation mode 𝑟 
€  

𝛽 = Cost coefficient for operation mode 𝑟 
€  

Variables 

 
 Positive 

 
𝑄𝑡𝑢  = Flowrate at treatment unit i  

𝑋 = Fraction of inlet h sent to treatment unit i 
[0-1] 

𝑄𝑜𝑚 = Flowrate of operation mode r  

𝜌 = Efficiency of operation mode 𝑟 to remove 
contaminant 𝑗 after [0-1] 

𝑄𝑜𝑢𝑡 = Flowrate sent to stream k  

𝑌 = Fraction of outlet of treatment unit i sent 
to stream k [0-1] 

 Binary 

𝑎 = 1 if 𝑄𝑜𝑢𝑡 𝐷 , 0 otherwise 

𝑏 = 1 if operation mode r is active, 0 otherwise 
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