
Optimisation of Water-Energy
Networks in Process Industry:
Implementation of Non-Linear and
Multi-Objective Models
Miguel Castro Oliveira1,2*, Susana M. Vieira3, Muriel Iten1† and Henrique A. Matos2

1Low Carbon and Resource Efficiency, R&Di, Instituto de Soldadura e Qualidade, Grijó, Portugal, 2Department of Chemical
Engineering, CERENA—Centro de Recursos Naturais e Ambiente, Instituto Superior Técnico, Lisboa, Portugal, 3Department of
Mechanical Engineering, Center of Intelligent Systems, IDMEC—Instituto de Engenharia Mecânica, Instituto Superior Técnico,
Lisboa, Portugal

The improvement of water and energy use in the industrial sector is an important concern
to improve the overall techno-economic performance of single plants. The most recent EU
strategy for energy system integration has been treating these issues in the redaction of its
first pillar, which is based on the relations between the promotion of circular economy and
energy efficiency and it has as specific objectives the promotion of waste heat recovery and
energy recovery from wastewater. Although on the context of research and industrial
appliance both waste heat recovery and water recycling and reuse have been extensively
explored, it is still verifiable a lack of comprehension and application of methods to
simultaneously improve the use of both water and energy in a plant. In this work, two
approaches for the solving of an optimisation problem related to the improvement of water
and energy use in a process industry plant (three water-using processes) are implemented.
These approaches consist on the development of amixed-integer non-linear programming
(MINLP) model and a multi-objective programming (MOP) model using the Python
language. In addition, a complementary approach based on the development of a
non-linear programming (NLP) model for further heat integration is also developed.
Within the three applied methodologies (MINLP, MOP and integrated MINLP and NLP),
the integrated MINLP and NLP model was the one in which the most favourable results
were obtained, with 33.7% freshwater savings, 73.2% energy savings and 67.2% total
economic savings.

Keywords: water-energy networks, water and energy integration, mixed-integer non-linear programming, multi-
objective programming, non-linear programming, python

1 INTRODUCTION

Water and energy integration consist in a set of methods, measures and practices to improve the use
of water and energy in industry (Gundersen, 2013; Alnouri et al., 2014), which are two of the most
important resources used in a plant (Oliveira, 2018). The study of the water and energy integration is
on the scope of the research area of process integration. Process integration (PI) may be defined as
the study of the all potential interdependencies of industrial processes in a plant with the scope to
improve the use of certain resources (Foo et al., 2017). The side of energy integration is traditionally
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heat integration, this is, based on the recirculation of thermal
energy streams, and it is thus essentially based on the theoretical
assumptions of waste heat recovery (WHR) (Rašković et al.,
2010). While the heat integration has been heavily the scope
of study by several authors, and its applicability in industry has
been proved, there is currently an interest to proceed with more
profound research on water integration, as well as combined
water and energy integration.

The ultimate goal of this area of research is to study potential
improvement of water and energy efficiency (Ahmetović et al.,
2015). The study of energy efficiency has been the scope of the
majority of international energy and environmental policies,
namely the most recent European 2030 climate and energy
framework (European Commission, 2014), European Green
Deal (European Commission, 2019), European 2050 long-term
strategy (European Commission, 2018) and the Paris Agreement
(Horowitz, 2016). The interdependencies of water and energy
resources, which includes the understanding of the improvement
of water use through the understanding of the use of energy, have
been studied on the scope of the water-energy nexus (Oliveira
et al., 2019).

The water and energy integration methodology may be
applied in a high number of industrial processes and also a
high number of industrial sectors (Ahmetović et al., 2015). As
such, many industrial systemsmay be studied in this scope.While
the object of study of heat integration are only industrial thermal
processes (Castro Oliveira et al., 2020), water integration
approaches water recirculation and treatment systems (which
encompasses both the processes to recycle water and treat
wastewater) and combined water and energy integration
approaches full water-energy networks (Savulescu and Alva-
Argaez, 2013). The practice of Combined Water and Energy
Integration passes by the simultaneous application of the
principles of water recirculation and heat recovery (Savulescu
and Alva-Argaez, 2013; Ahmetović et al., 2015; Chin et al., 2019).
In practice, such may be process through the use of several water
streams as waste heat streams (Savulescu and Alva-Argaez, 2013),
forming in joint with the water-using processes a water-energy
network (WEN).

The conceptualization of water-energy networks (WEN), also
designated as Heat-Integrated Water Allocation Network
(HIWAN) and Water Allocation and Heat Exchange Networks
(WAHEN), through the application of the pinch methodology
has been carried out by the development and implementation of
several optimisation methodologies (including LP, MILP, NLP,
MINLP and MOP) by several authors. These studies consistently
present a focus on multiple contaminant problem-solving (Zheng
et al., 2003; Ahmetović and Kravanja, 2013; Hong et al., 2018a),
inclusion of multiple freshwater sources (Sahu and
Bandyopadhyay, 2010; Hong et al., 2017; Hou et al., 2017;
Hong et al., 2018a; Kermani et al., 2019; Souifi and Souissi,
2019), analysis of wastewater treatment units (Zhelev and
Zheleva, 2002; Kermani et al., 2018; Dong et al., 2022), the
inclusion of multiple utilities (Caballero et al., 2021) and large-
scale industrial systems (Zhao et al., 2019; How et al., 2021; Ibrić
et al., 2021; Kamat and Bandyopadhyay, 2021). In addition,
several authors approach the performance of the

characterization of the research gaps regarding the application
of Combined Water and Energy Integration models and its
applicability within several industrial sectors (Budak Duhbacı
et al., 2021; Chijin et al., 2021). Overall, these approaches are
inserted in two categories: sequential approaches (a three-step
sequence is applied, in which the first step is based on utility use
reduction, the second is based on interconnection reduction and
the third one is based on cost reduction) and simultaneous
approaches (in which all the performance indicators are
simultaneously minimized). Each one of these types of
approaches are characterized by limitation: while the
sequential approaches are associated to the rank reversal issue
(the selection of different alternatives may depend on different
priority criteria) (Aires and Ferreira, 2018), the simultaneous
approaches subsist on the consideration of several assumptions
which limit the formulation of the problem in terms of the
objective-function and equality constraints (Kermani et al., 2018).

In this work, two approaches for the solving of an optimisation
problem related to the improvement of water and energy use in a
process industry plant (three water-using processes) are described
and implemented. These approaches consist of the development
of a mixed-integer non-linear programming (MINLP) model and
a multi-objective programming (MOP) model using the Python
language, as well as a complementary approach based on the
development of a non-linear programming (NLP) model for
further heat integration. The two main approaches are
compared, with such implementations converging on the
conceptualization of several water-energy networks (WEN).

The presented modelling framework represents a novel
methodology based on a different type of approach that the
ones previously implemented by authors. For instance, the
MINLP model is firstly implemented to solve the problem
related to water use, hot and cold utility use and
interconnection minimization based on the direct recirculation
of wastewater streams and a second step subsisting on the
application of a NLP model is implemented for the
implementation of further heat integration (in which an
additional heat exchanger is installed in the previously
conceptualized WEN). The MOP model, in its turn, is
implemented to serve as basis of comparison to the MINLP
and integrated MINLP and NLP models, so to overall compare
the proposed new approach and the one of previously work in
which MOP is the first step of a two-step approach (Boix et al.,
2012).

2 DESCRIPTION OF PREVIOUS
MODELLING APPROACHES

The conceptualization of this work is based on the analysis of the
previous work Minimizing water and energy consumptions in
water and heat exchange networks (Boix et al., 2012). The
optimisation problem solved on this section is one of the
problems approached by Boix et al. (2012). Nonetheless, the
study developed by these authors have already been primarily
performed by Bagajewicz et al. (2002) and Dong et al. (2008). In
addition, improvements for the model of Dong et al., 2008 were
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TABLE 1 | Brief Description of previous approaches.

Publication Method Description Characterization

Case-study publications

Bagajewicz et al.
(2002)

Linear programming (First
approach)

Model assembled to obtain results for the minimum water
and thermal energy consumption. It is followed by a MILP
model for the project of the heat exchanger network

Decision Variables
Binary variable assessing the existence of a match
between a pair of process streams or a stream and a
heating or cooling utility stream

Mixed-integer programming
(Final approach)

Objective-function
Summation of the all the matches between pairs of
variables

Dong et al. (2008) Mixed-integer non-linear
programming

MINLP formulated for the minimization of water and
energy costs in a WEN, incorporating heat recovery by
direct recirculation and heat exchanger installation. The
use of this method is accompanied by the performance of
stochastic perturbation for the generation of liable initial
guesses for the deterministic optimisation and an
interactive iteration method (for the achievement of a
global optimum for total annualized costs)

Decision Variables
Binary variable assessing the existence of a matches and
stream split ratios
Objective-function
Minimization of total annualized costs (summation of
water, energy, matches and heat exchanger costs)

Yan et al. (2016) Non-linear programming It is performed a methodological improvement to the
general model elaborated by Dong et al., 2008, in which a
non-linear formulation is developed to account for the
existence of interconnections avoiding the use of binary
variables

Decision Variables
Water flow rates, temperatures in points of the WEN and
contaminant concentrations
Objective-function
Minimization of total annualized costs (summation of
water, energy, matches and heat exchanger costs)

Ibrić et al. (2016) Mixed-integer non-linear
programming

It is performed an advancement to the studies by Dong
et al., 2008 and Yan et al., 2016, in which a model
considering manageable number of hot and cold streams
is developed

Decision Variables
Water flow rates, temperatures in points of the WEN,
contaminant concentrations and binary variables for the
existence of interconnections
Objective-function
Minimization of total annualized costs (summation of
water, energy, matches and heat exchanger costs)

Boix et al. (2012) Mixed-integer non-linear
programming (First step)

A MINLP modelling approach is developed considering
two steps: MOP application to obtain a Pareto Front for
the pair of objectives water minimization/energy
minimization followed by the project of heat exchanger
networks. A complementary step based on a TOPSIS
procedure is applied to select the best solution associated
to the first step

Decision Variables
Water flow rates and binary variables for the existence of
matches

Multi-objective
programming (Second step)

Objective-function
Minimization of total annualized costs (summation of
water, energy, matches and heat exchanger costs)

Combined Water and Energy Integration Publications

Ahmetović and
Kravanja, (2013)

Mixed-integer linear
programming (MILP)

A novel superstructure and optimization of non-convex
MINLP model for the simultaneous synthesis of process
water and heat exchanger networks was developed. This
superstructure combines the water network and heat
exchanger network using interconnecting hot and cold
streams. The water network has been extended for both
direct and indirect heat exchanges. In addition,
opportunities for heat integration between hot and cold
streams, splitting and mixing of the freshwater and
wastewater streams are incorporated within the
superstructure

Decision Variables
Interconnections, mass flowrate of hot/cold streams,
contaminant concentrations and temperatures of each
stream in the network
Objective-function
Minimization of total annualized costs with optimal
consumptions of fresh water and utilities

Hong et al. (2017) Mixed-integer linear
programming (MILP)

MILP model developed with the aim to obtain the total
annual cost for a WEN (discerned by freshwater cost,
utility cost and approximated investment cost) and
considering the conceptualization of HEN configurations
encompassing stream splitting, stream by-passing,
isothermal mixing and non-isothermal mixing. The model
allows the conceptualization of detailed HEN instead of
heat exchange matches

Decision Variables
Area of heat exchangers, mass flow rate of hot/cold
demand streams, heat loads, existence of heat
exchangers, monotonicity of stream flow rates and
consistency of stream flow rates
Objective-function
Minimization of total annualized costs

(Continued on following page)
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TABLE 1 | (Continued) Brief Description of previous approaches.

Publication Method Description Characterization

Hong et al. (2018b) Graphical Tool (Heat
Transfer Block Diagrams)

Application of a customised graphical tool based on heat
transfer block diagrams, in which the consumption of hot/
cold utilities is determined by analysing heat deficits/
surpluses and the conceptualization of HEN’s is
performed by assembling heat transfer matching blocks.
The minimization of the investment cost is achieved using
heuristic methods

Objective-function
Minimization of total annualized costs

Hong et al. (2018a) Mixed-integer non-linear
programming (MINLP)

MINLP model developed for the conceptualization of
WEN considering wastewater treatment units andmultiple
contaminants. Such model is solved by considering a
methodology with three steps: minimization of freshwater
consumption, minimization of relaxed TAC and
minimization of TAC.

Decision Variables
Inlet and outlet concentrations, temperature differences,
mass flow rate of hot/cold demand streams, heat loads,
existence of heat exchangers, monotonicity of stream flow
rates and consistency of stream flow rates
Objective-function
Minimization of freshwater cost, relaxed TAC and TAC.

TABLE 2 | Contextualization of recent studies regard Combined Water and Energy Integration.

Publication Contextualization

Budak Duhbacı et al. (2021) Description of the state-of-the-art and broad characterization of studies regarding Combined Water and Energy Integration,
in which the following gaps are identified: lack of studies set on specific industrial sectors; consideration of water and heat
losses on WEN; consideration of different types of wastewater treatment units; performance of sensitivity analysis to assess
water and heat recirculation options

Chijin et al. (2021) Comparison of conceptual design methods and mathematical programming methods associated to the conceptualization
of WEN, being identified the following gaps relative conceptual design methods: conceptualization of HEN’s for different
operating requirements for the same problem; lack of consideration of a systematic method for the optimization of total HEN
cost (including the cost associated to heat exchanger equipment)

How et al. (2021) Application of the P-graph framework for the obtention of solutions regarding a WEN, in which it is identified that the use of
the framework for more complex systems may be arduous

Ibrić et al. (2021) Development of a model which is adapted for the solving of problems in large scale systems, considering the
conceptualization of WEN with a manageable number of hot and cold streams

Kamat and Bandyopadhyay. (2021) Development of a mathematical framework which combines both mathematical programming methods and Pinch Analysis-
based graphical approaches to account for both physical insights and WEN associated complexities

Zhao et al. (2019) Development of a model which considers the priority of the conceptualization of simpler WEN and lower investment costs
and the comparison of the results of such model with the ones from the application of typical mathematical programming
methods

TABLE 3 | Conceptual advantages and disadvantages associated to the approach by Boix et al., 2012.

Advantages Disadvantages

Methodology

The application of the MOP approach allows to generate different scenarios for the
same WEN.

The application of MOP is limited in terms of the constraint handling associated to
genetic algorithms (equations for mass and enthalpy must necessary be formulated
as equations). Furthermore, the objective-function may be formulated as a summation
of annualized costs parcels, thus not requiring the consideration of several objectives

The TOPSIS procedure allows the approximation of results to an ideal solution The application of TOPSIS may suffer of rank reversal (the selection of different
alternatives may depend on different priority criteria, for instance by industrial
stakeholders)

The two-step approach allows the separation of the multicriteria problem in phases The performance of the second step depends on the accuracy of the performance of
the first step

Industrial Application

It considers the implementation of several water and energy efficiency improvement
measures (in this case, direct hot water recirculation and installation of heat
exchangers)

The design of heat exchanger networks may be an unnecessary measure in the case
that direct hot water recirculation allows the most possible to be achieved recovery of
thermal energy
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further developed by Yan et al. (2016) and Ibrić et al. (2016). The
set of approaches taken by the authors implement the general
principles of Combined Water and Energy Integration, and as
such make use of the theoretical principles of water recirculation
and waste heat recovery. In Tables 1 and 2, previous studies are
described, as well as relevant publications in respect to the use of
analytical and graphical methods for the development of
optimisation models for WEN conceptualization. The
conceptual advantages and disadvantages associated to the
target publication (Boix et al., 2012) are summarized in Table 3.

3 DESCRIPTION OF THE CASE-STUDY

The approached case-study is applied to a process industry plant
containing three water-consuming processes (conveniently
designated in this article as Process 1, 2 and 3). To each one
of these processes, it is fed a freshwater stream which is used to
remove a certain amount of contaminants. Each one of the inlet
water streams is heated up to the operational temperature of each
water-consuming process with the transportation of these
streams through heat exchangers (heaters). The outlet
wastewater streams from the processes are then cooled down
by passing through a single heat exchanger (cooler). Such
processes of heating and cooling are processes through the
supply of hot utilities and cold utilities to constitute the heat
exchangers’ hot stream and cold stream, respectively.

The removal of contaminants requires limit concentration
levels for the inlet water stream (although the inlet water
streams do not necessarily have to be pure water streams, it
exists a maximum level for each inlet concentration). The flow
rates of the inlet water streams have also limit values (maximum
flow rate levels to be fed to the water-consuming processes), as
well as the concentration of the outlet wastewater stream. The
described industrial system is represented in Figure 1, which
also encompasses the data and limit values associated to each
process.

Currently, there is an interest to improve the water efficiency
and energy efficiency of the plant. In practice, such may be
performed by reducing the input of freshwater and the total
supply of hot and cold utilities to the industrial system.

The solving of the optimisation problems formulated by the
authors are set to find the optimal point in which the total
network cost is the minimum possible. The optimisation
problem is in practice solved by the minimization of the
freshwater flow rate, hot and cold utilities, number of
interconnections, number of heat exchangers and heat
exchanger area, which are multiplied by a factor representing
its respective unitary costs. The unitary values associated to each
cost term are presented in Table 4. It is to note that these data was
converted from dollar ($) to euro (€) base from the data presented
by Boix et al. (2012), considering a conversion value of 0.83 €/$.
In addition, the presented unitary cost values are converted in
yearly units (the final value of the multiplication of each parcel
has €/year units).

4 MODELLING AND OPTIMISATION

The formulation of the optimisation problem to be solved on the
scope of this work is to minimize the total network cost, based on
the conceptualization of retrofitted industrial systems based on
the principles of Combined Water and Energy Integration, in
which a set of water streams are recirculated to be supplied water
stream to water-consuming processes as well as waste heat
streams. This new approach starts by performing a

FIGURE 1 | Flowsheet of the industrial system [adapted from (Boix et al., 2012)].

TABLE 4 | Unitary costs associated to each total cost parcel (data gathered from
Boix et al., 2012).

Cost parcel Value Unit

Freshwater cost 0.3735 €/ton
Thermal energy costs Hot utility cost 312.91 €/kJ

Cold utility cost 156.87 €/kJ
Interconnections 2,490 €/interconnection
Heat exchanger (installation) 6,640 €/heat exchanger
Heat exchanger (heat transfer area) 996 €/m2
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conceptualization of the industrial system in which all possible
interconnections (water recirculation paths) are considered. The
generic conceptualization of the water-energy network
considering all the possible to be established water
recirculation paths is represented in Figure 2.

4.1 Approach Contextualization
The overall modelling and optimisation procedure encompassed
in this work is based on the application of three methodologies:
mixed-integer non-linear programming (MINLP), multi-
objective programming (MOP) and non-linear programming
(NLP). While the MINLP and MOP models are set to be
alternative approaches to solve the same optimisation problem,
the NLP approach is applied as a complementary step. The
development of the MINLP model is the primary target of the
modelling and optimisation procedure, with the MOP model

being developed to establish a comparison between the results of
the two alternative methodologies. The contextualization of each
one of the abovementioned methodologies is furtherly described
in Table 5.

In a generalist view, the methodology developed for this work
differs from the one by Boix et al., 2012 in the sense that the two-
step approach is replaced by a primary-complementary approach.
In respect to theMINLPmodel, although themethod is the same as
the one implemented by Dong et al. (2008) and Ibrić et al. (2016)
and also the second step of Boix et al., 2012, the overall approach is
not the same. For instance, while in the Dong et al., 2008 approach
direct recirculation and heat exchanger installation are
simultaneously considered on the formulation of the same
problem, the approach taken in this work considers a different
paradigm owing to an adopted order of priority. In this prospect,
direct recirculation is in principle favoured in relation to heat

FIGURE 2 | Superstructure of the conceptualized Water-Energy Network.

TABLE 5 | Contextualization of optimisation methodologies.

Methodology Contextualization

Primary step

Mixed-integer non-linear programming (MINLP) • Approach based on the determination of mass and enthalpy balances (which are generally formulated as equality
constraints)

• The objective-function is based on the minimization of the sum of all cost parcels (in this case, water costs, energy costs
and interconnections costs)

• It is set to determinate a single solution for the conformation of a WEN.

Multi-objective programming (MOP) • Alternative approach based on the desegregation of total annualized costs in water costs and energy costs
• It is based on the first step MOP approach taken by Boix et al. (2012), whose optimisation problem based on water and

energy costs minimization is parametrized by the number of interconnections/heat exchangers
• The attainment of results is set to be compared with the ones obtained by the previous approach (MINLP)

Complementary Step (Further Heat Integration)

Non-linear programming (NLP) • It consists in a complementary step accounting for further heat integration to be commissioned on the WEN, in which
heat exchangers are installed as a further improvement measure for heat recovery

• It is developed over the layer of the previously developed models (in this case, the MINLP model), in which the obtained
WEN configuration is furtherly improved
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exchanger installation (a primary step in which only direct
recirculation is considered for heat recovery and then the
installation of heat exchangers is considered in the formulation
of the NLP model considered in the complementary step).

4.2 General Formulation of the Optimisation
Problem
The assembling of a model to solve an optimisation problem
related to the minimization of TAC in practice requires the
consideration of equations involving the freshwater streams
and the recirculated wastewater streams (the water streams at
the outlet of each water-consuming process). For the
approached case-study, these totalize three freshwater
streams and six recirculated streams. In the context of this
problem, the flow rate of these nine streams are the
fundamental variables to be considered, since these streams
are the one that contain usable water or thermal energy and
thus are the ones in which the unitary costs presented in
Table 4 fall on.

In the context of the conceptualized WEN, the equations that
relate all the variables required to be considered are the mass and
enthalpy balance equations. The generalized mass and enthalpy
balance equations to which component of the conceptualized
WEN are presented in Table 6.

The optimisation problem may be formulated based on the
equations presented in Table 6 and the consideration of the
unitary costs presented in Table 4. This problem must be
formulated considering two types of constraints: the mass and
enthalpy balances (which are set to be formulated as equality
constraints) and operational constrains associated to limit values
of supplied water, inlet concentrations, outlet concentrations and
the supply of hot and cold utilities (which are set to be formulated
as inequality constraints). The generalist formulation of the
optimisation problem is represented in Eq. 12.

Min. Z � ∑3
i�1
cfreshw,iMfreshw,i +∑3

i�1
∑
j

cw,Pi,jMw,Pi,j +∑3
i�1

∑
j

di,jyi,j

s.t.: f(x)≤ 0 (Operational Constraints)
g(x) � 0 (Mass and Enthalpy Balances)
and

Mfreshw,i ≥ 0, . . . ,Mw,Pi,j ≥ 0, . . . (15)

The presented optimisation problem may be furtherly adapted
considering the requirements for the implementation of each
method in specific, as it will be demonstrated in the further section.

4.2.1 Definition of Decision Variables and
Objective-Function
The overall optimisation problem is characterized by considering
18 continuous decision variables (three freshwater flow rates, six
recirculated water flow rates, three total process inlet water flow
rates, three inlet concentrations and three outlet concentrations)
and six integer decision variables (which are six binary variables
signifying the existence of interconnection). Moreover, the flow
rate of a recirculated water stream is considered in the
formulation of the optimisation problem whether such water
pathway is established or not, with the binary variables being the
model variables that secure the existence of those streams.

The objective-function may be defined according to the
unitary cost terms defined in Table 3. Each one of the factors
of the objective-function (ci) may be defined for three terms:
freshwater, hot utility and cold utility. In the context of the
problem, these factors will have units of €/kg, since these
depend only of the flow rates of the water streams (kg/s) on
the objective function. It is to note that the unitary costs for
thermal energy which are in per energy units (€/kW) are
converted per quantity of water units (€/kg) considering the
specific enthalpy values of each stream (kJ/kg), which are fixed

TABLE 6 | Mass and Enthalpy Balances for each component of the industrial system.

Component Equation

Mixer i Mass balance Mfreshw,i +Mw,Pj,i +Mw,Pk,i � Mw,i (1)

Mass balance (contaminant) Mfreshw,iCfreshw,i +Mw,Pj,iCw,Pj,i +Mw,Pk,iCw,Pk,i + qH,i � Mw,iCw,i (2)

Enthalpy balance Mfreshw,ihfreshw,i +Mw,Pj,i hw,Pj,i +Mw,Pk,i hw,Pk,i + qH,i � Mw,ihw,i (3)

Heater i Mass balance Mw,i � Mw,heated,i (4)
Mass balance (contaminant) Mw,iCw,i � Mw,heated,iCw,heated,i (5)
Enthalpy balance Mw,ihw,i + qH,i � Mw,heated,ihw,heated,i (6)

Process i Mass balance Mw,i +Mcont.,i � Mww,i (7)
Mass balance (contaminant) Mw,iCw,i +Mcont.,iCcont.,i � Mww,iCww,i (8)
Enthalpy balance Mw,ihw,i � Mwastew,ihww,i (9)

Splitter i Mass balance Mwastew,i � Mw,i +Mw,Pi,j +Mw,Pi,k (10)

Mass balance (contaminant) Mwastew,iCwastew,i � Mw,iCw,i +Mw,Pi,jCw,Pi,j +Mw,Pi,kCw,Pi,k (11)

Enthalpy balance Mwastew,ihwastew,i � Mw,ihw,i +Mw,Pi,j hw,Pi,j +Mw,Pi,khw,Pi,k (12)

Cooler Mass balance ∑3
i�1Mw,i � Mout (13)

Enthalpy balance ∑3
i�1Mw,ihw,i � Mouthout + qC (14)
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values on the overall model to secure the required temperature
constraints. Such determination results on aggregated values for
the objective-function factors, which are the ones effectively used
in the final objective function. The calculation method used to
determine the aggregated values and the corresponding
coefficients for hot and cold utilities in kg/s is represented in
Eqs 13–15, in which hiH,out refers to the specific enthalpy
associated to a certain stream at the outlet of the heater to
which it is directed, hiH,in refers to the specific enthalpy
associated to a certain stream at the inlet of the heater to
which it is directed, hiC,in refers to the specific enthalpy
associated to a certain stream at the inlet of the cooler, hiC,out
refers to the specific enthalpy associated to a certain stream at the
outlet of the cooler.

ciHU(€/kg) � ciHU(€/kJ)(hiH,out − hiH,in) (16)

ciCU(€/kg) � ciCU(€/kJ)(hiC,in − hiC,out) (17)

ciaggregated(€/kg) � cifreshw(€/kg) + ciHU(€/kJ)(hiH,out − hiH,in)
+ ciCU(€/kJ)(hiC,in − hiC,out)

(18)

The objective-function factors associated to each parcel are
defined in Table 7.

The presented optimisation problemmay be furtherly adapted
considering the requirements for the implementation of each
method in specific, as it will be demonstrated in the further
sections.

4.2.2 Modelling Assumptions
The modelling assumptions taken to develop the optimisation
models in this work are the same taken by Boix et al. (2012).
These assumptions may be listed as the following:

• The operation of water-using process is considered
isothermal;

• The whole water systems are adiabatic (no heat losses);
• Water losses are not considered (the inlet flow rate is equal
to the outlet flow rate);

• The operation of heat exchangers is considered to be in
counter-current;

• The performance of heat integration is based on the heat
recovery from (or to) water streams (and hot and cold utilities);

• The properties associated to the streams are the ones of
water, such as heat capacity [4.18 kJ/(°C·kg)] and specific
enthalpies.

4.3 Mixed-Integer Non-Linear Programming
Model
The solving of the optimisation problem whose general
formulation was presented in Section 4.2 will be performed by
the implementation of a mixed-integer non-linear programming
(MINLP) approach. Such approach is necessary and adequate
over a linear model approach considering that the concentrations
associated to each water stream are considered as decision
variables, taking into account the mass and enthalpy balances
Eqs 1–11 that overall define the WEN model (in which the water
flow rates are multiplied by the concentrations). Furthermore, as
the existence of interconnections are also considered as decision
variables, the involvement of integer variables on the overall
model is strictly necessary.

For the solving of the optimisation problem using a MINLP
approach, a model was developed using the existing Python
package GEKKO (Beal et al., 2018). The APOPT solver was
selected due to being the solver of selection within GEKKO
package to handle mixed-integer problems (APMonitor, 2021).
The developed MINLP model is presented in the Section 1 of the
Supplementary Material.

4.3.1 Model Setup
The MINLP model was developed considering the mass and
enthalpy equations presented in Section 4.2 and the general setup
of the optimisation problem defined in Eq. 16 and Sections 4.2.1,
4.2.2. The decision variables, as defined in Table 7, are
characterized in Table 8, in which are presented the
initialisation value, lower bound and upper bound used in the
definition of the problem using the GEKKO package. The lower
and upper bounds were defined according to the data presented
in Figure 1.

The constraints of the optimisation problem were defined by
recurring to the mass balance equations (as enunciated in
Table 6) and operational requirements associated to the
supplied hot and cold utilities and the minimum flow rates for
the recirculation of water streams. It is to note that the operational
requirements relative to concentrations and limit water flow rates

TABLE 7 | Values for the factors of the objective-function.

Factor Freshwater
(10−4 × €/kg)

Hot utility
(103 × €/kg)

Cold utility
(103 × €/kg)

Aggregated
(103 × €/kg)

cfreshw,1 3.74 104.64 45.90 150.54
cw,P1,2 0 71.94 16.39 88.33
cw,P1,3 0 0 0 0
cfreshw,2 3.74 71.94 29.51 101.45
cw,P2,1 0 −32.67 −16.39 −49.09
cw,P2,3 0 −32.67 −16.39 −49.09
cfreshw,3 3.74 104.64 45.90 150.54
cw,P3,1 0 0 0 0
cw,P3,2 0 32.67 16.39 49.09
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are already defined by the lower and upper boundaries of the
some of the respective decision variables.

The objective-function for this problem was defined according
to the setup presented in Table 8. The objective-function is
presented in Eq. 19.

ZMINLP � 150.54 ×Mfreshw,1 + 88.33 ×Mw,P1,2 + 101.45 ×Mw,P1,3

− 49.09 ×Mw,P2,1 − 49.09 ×Mw,P2,3 + 150.54Mfreshw,3

+ 49.09 ×Mw,P3,2 + 2.490 ×∑3
i�1

∑
j

yi

(19)

4.3.2 Optimisation Results and Model Validation
The obtained optimisation results converge on the project of a
new WEN, in which the flow rates of the inlet freshwater and
recirculated water streams are obtained. The results obtained for
the decision variables obtained by the running of the MINLP
model are presented in Table 9.

To ensure the consistency of the obtained results, it is necessary to
proceed with the validation of the developedmodel. This is performed
by calculating the residuals obtained for the enthalpy balances,
considering that the hot and cold utility supplies were calculated
based on slack variables of certain constraint equations. It is to note
that these equations are formulated considering the freshwater flow
rate and recirculated water flow rate variables, which were substituted
from the corresponding variables for the inlet water flow rate at each
process. As such, it is necessary to ensure that the consideration of the
enthalpy balance equation as inequality constraints in the formulation
of the optimisation problem effectively respect the overall enthalpy
balances to the WEN. The residuals obtained for each enthalpy
balance equations are presented in Table 10.

As may be observed, the residuals obtained for each enthalpy
balance equation are considerably low. As such, it is possible to
ensure the validity of the model to perform the required assessment.

4.3.3 Sensitivity Analysis
A sensitivity analysis was conducted to assess the robustness of the
developed model in for the attainment of results for the
minimization of total annualized cost. The adopted methodology
was of a One-at-a-Time (OAT) sensitivity analysis. Specific
parameters of the model were changed separately to analyse the
impact of the variation of several inputs on the obtained solution of
the optimisation problem. The selected parameters for this analysis
were the upper limits of flow rates and concentrations of the
freshwater, recirculated water and process inlet water streams.
The results of the sensitivity analysis are presented in Table 11.

As may be observed in Table 11, the first parameter to be
changed was the upper limit of the water stream at the inlet of
process 1. This parameter was set at the given result for Mw,1 (as
presented in Table 8), in which it was verified a considerable
change in the obtained solution. The value for this parameter was
furtherly decreased to match with the respective lower bound. It
was verified a slight change in the initial solution, although it
represents in practice a considerable change in terms of the WEN
possible to be conceptualized, as the total annualized costs are
reduced relative to the initial solution and the total number of
interconnections in the WEN may be reduced from three to two.

In a next phase, it was changed the upper bound of the water
stream flow rates at the inlet of process 2. The upper limit was set

TABLE 8 | Characterization of decision variables of the MINLP model.

Variable Lower bound Upper bound Variable Lower bound Upper bound

Mfreshw,1 0.00 100 Cww,1 0.00 100
Mw,P1,2 0.00 100 Cww,2 0.00 800
Mw,P1,3 0.00 100 Cww,3 0.00 1,100
Mfreshw,2 0.00 40.0 Cw,1 0.00 50.0
Mw,P2,1 0.00 40.0 Cw,2 0.00 50.0
Mw,P2,3 0.00 40.0 Cw,3 0.00 800
Mfreshw,3 0.00 166.7 y1,2 0 1
Mw,P3,1 0.00 166.7 y1,3 0 1
Mw,P3,2 0.00 166.7 y2,1 0 1
Mw,1 50.0 100 y2,3 0 1
Mw,2 37.5 40.0 y3,1 0 1
Mw,3 45.5 166.7 y3,2 0 1

TABLE 9 | Values for the decision variables.

Var. Optimal value Var. Optimal value Var. Optimal value

Mfreshw,1 50.5 Mw,P3,2 0.00 Cw,2 50.0
Mw,P1,2 0.00 Mw,1 50.5 Cw,3 98.7
Mw,P1,3 0.00 Mw,2 40.0 y1,2 0
Mfreshw,2 37.5 Mw,3 50.5 y1,3 0
Mw,P2,1 0.70 Cww,1 99.0 y2,1 1
Mw,P2,3 1.80 Cww,2 800 y2,3 1
Mfreshw,3 0.10 Cww,3 1,100 y3,1 1
Mw,P3,1 49.8 Cw,1 0.00 y3,2 0

TABLE 10 | Residuals obtained for the enthalpy balance equations.

Component Residual

Heater 1 enthalpy balance 2.173 × 10−13

Heater 2 enthalpy balance 2.230 × 10−12

Heater 3 enthalpy balance 0.000
Cooler enthalpy balance −5.652 × 10−12
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at the respective lower bound of Mw,2. The obtained solution
considerably changes. Although the number of connections is
decreased, the total annualized costs are increased, and as such
this solution does not represent an improvement relative to the
initial solution. The upper bound of the flow rates of the water
streams at the inlet of process three was variated in the same
manner, having been obtained similar results, in which the
number of interconnections is reduced but the total network
costs are increased.

The concentrations were changed similarly to the flow rates, in
which the results obtained in Table 9 were set as the respective
upper bound. By this variation, it was verified that no change
occurs in the achievement of the previous solution. In the case of
the concentrations of the water stream at the inlet of process
2 (Cw,2) and process 3 (Cw,3) it was verified that a slight decrease
of the respective upper boundaries already produced a
considerable change for the obtained solution.

4.4 Multi-Objective Programming Model
In this section, the optimisation problem presented in Section 4.1
will be solved using a different approach from the one of Section
4.2, by developing and using a multi-objective programming
(MOP) model. Similar to the previous approach, this model will
use a non-linear procedure to solve the optimisation problem,
albeit considering two different objective-functions.

This MOP approach was implemented by using the pymoo
package (Blank and Deb, 2020) in Python 3.9.4. For the
attainment of results, the genetic algorithm NSGA-II was used,
as defined in Table 12. The developedMOPmodel is presented in
the Section 2 of the Supplementary Material.

4.4.1 Model Setup
The MOP model was developed considering alterations on the
paradigm of the general model presented in Section 4.2 and the
MINLP model presented in Section 4.3. Such alterations are
related to the requirements for the formulation of the MOP
models, in which the constraints must be all preferably be
formulated as inequality constraints, namely due to limitations
of the handling of equality constraints by the genetic algorithm.
Several tests developed using versions of this MOP model
(developed using the pymoo package) containing constraints
formulated as absolute values and squared expressions (so to
approximate these constraints the most possible to equality
constraints) have failed (the running of the model could not
produce any result). As such, all constraints had to be formulated
as inequations, which required several alterations to the previous
models. For instance, the inlet water flow rates at each process
and the outlet concentrations were not considered as decision
variables and substituted by the thermal power values that are
inputted our outputted in the heaters and cooler, respectively.
Nonetheless, the limit values associated to these variables were
inputted as inequality constraints. The formulation of the MOP
model in terms of decision variables and objective-functions is
presented in Tables 13, 14 respectively.

4.4.2 Optimisation Results
The running of the model presented in Section 4.4.1 allowed the
obtainment of several results for water and energy consumption
values. As in practice the MOP model was developed to be

TABLE 11 | Results for the sensitivity analysis.

Description of performed
variation

Altered value Total
network cost (€/year)

Number of interconnections

Variation of the upper boundary of
Mfreshw,1, Mw,P1,2 , Mw,P1,3 and Mw,1

100 11,318.76 3
50.5 11,321.25 4
50.0 11,316.27 2

The upper bound was set at 50.0
Variation of the upper boundary of

Mfreshw,2, Mw,P2,1 , Mw,P2,3 and Mw,2

37.5 11,333.87 1

The upper bound was set at 40.0
Variation of the upper boundary of

Mfreshw,3, Mw,P3,1 , Mw,P3,2 and Mw,3

50.5 11,333.87 1

The upper bound was set at 166.7
Variation of the upper boundary of

Cw,1

0.00 11,316.27 2

The upper bound was set at 0.00
Variation of the upper boundary of

Cw,3

100 11,316.27 2
62.3 11,316.27 2
61.0 11,404.52 2

The upper bound was set at 62.3
Variation of the upper boundary of Cw,2 49.0 11,375.01 2

The upper bound was set at 50.0

TABLE 12 | Parameters for the genetic algorithm NSGA-II.

Parameter Value

Population size 20,000
Number of off-springs 2,000
Number of generations 1,000
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compared with the previously developed MINLP model, dividing
both the objectives of minimizing water and energy costs, the
running of this model resulted in a Pareto set for water mass flow
rates and hot and cold utilities supply and a Pareto front for the
water costs and energy costs (which are set to be the abscissa and

ordinate of the Pareto front, respectively). The results for the
Pareto set are presented in Table 15. The results for the Pareto
front are presented in Figure 3.

As may be verified by a general analysis of the results, the
implementation of the MOP approach in alternative to the

TABLE 13 | Characterization of decision variables of the MOP model.

Variable Characterization Lower bound Upper bound

Mfreshw,1 Freshwater flow rate (Process 1) 0.00 100
Mw,P1,2 Wastewater stream from Process 2 (to Process 1) 0.00 100
Mw,P1,3 Wastewater stream from Process 3 (to Process 1) 0.00 100
Mfreshw,2 Freshwater flow rate (Process 2) 0.00 40.0
Mw,P2,1 Wastewater stream from Process 1 (to Process 2) 0.00 40.0
Mw,P2,3 Wastewater stream from Process 3 (to Process 2) 0.00 40.0
Mfreshw,3 Freshwater flow rate (Process 3) 0.00 166.7
Mw,P3,1 Wastewater stream from Process 1 (to Process 3) 0.00 166.7
Mw,P3,2 Wastewater stream from Process 2 (to Process 3) 0.00 166.7
Cww,1 Concentration of contaminants of the water stream at the inlet of Process 1 0.00 50.0
Cww,2 Concentration of contaminants of the water stream at the inlet of Process 2 0.00 50.0
Cww,3 Concentration of contaminants of the water stream at the inlet of Process 3 0.00 800
qH,1 Heat transferred in heater 1 0 33,526
qH,2 Heat transferred in heater 2 0 9,196
qH,3 Heat transferred in heater 3 0 55,888
qC Heat transferred in the cooler 0 85,790

TABLE 14 | Objective-functions of the MOP model optimisation problem.

ZMOP,freshw � 0.000375 ×∑3
i�1
Mfreshw,i (20)

ZMOP,Ut � 0.31291 ×∑3
i�1
qH,i + 0.15687 × qC (21)

TABLE 15 | Results for the Pareto set (Water and Energy Consumption).

Solution Mfreshw,1 Mfreshw,2 Mfreshw,3 qH,1 qH,2 qH,3 qC

1 1.622 × 10−3 11.83 1.726 × 10−3 32.92 0.56 6.53 22,834.49
2 2.242 × 10−4 11.80 3.400 × 10−4 229.95 1.35 7.69 36,172.94
3 1.228 × 10−3 11.80 2.804 × 10−3 16.74 0.77 49.08 24,706.16
4 2.190 × 10−4 11.82 2.743 × 10−4 5.49 3.34 28.27 23,189.10
5 5.276 × 10−4 11.80 2.237 × 10−4 3.30 0.27 13.86 26,580.42
6 1.689 × 10−3 11.80 4.363 × 10−5 30.79 0.33 4.03 27,426.70
7 1.150 × 10−3 11.80 8.970 × 10−5 10.42 0.23 31.64 38,583.93
8 1.473 × 10−3 11.80 1.327 × 10−3 21.92 0.06 32.89 23,598.73
9 6.351 × 10−4 11.80 4.735 × 10−5 5.60 0.51 63.41 30,857.82
10 1.653 × 10−3 11.80 3.544 × 10−4 41.60 1.46 3.38 26,636.39
11 1.689 × 10−3 11.80 4.363 × 10−5 30.79 0.33 4.03 27,426.70
12 1.971 × 10−3 11.81 3.372 × 10−3 60.76 1.95 6.95 23,189.50
13 1.611 × 10−3 11.80 1.553 × 10−5 72.28 0.08 3.17 27,426.70
14 1.242 × 10−2 11.82 1.120 × 10−2 5.89 5.99 6.53 22,786.42
15 4.408 × 10−3 11.80 2.666 × 10−5 68.53 2.05 10.71 25,218.74
16 5.502 × 10−4 11.80 1.250 × 10−3 15.57 0.43 41.70 26,118.54
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MINLP approach is able to lead to the attainment of results for
water and energy costs that are overall more favourable. It is to
note that the costs relative to the formation of interconnections
are not considered in the formulation of the presented MOP
model, and as such the running of the model is able to give
solutions in which all the potential interconnections are
considered. Such comparison between the MINLP and the
MOP models is only possible since the overall term of the
total annualized costs associated to energy is significantly
higher than the interconnections costs.

As may be observed in Table 15, the non-dominated solutions
obtained for the freshwater consumption variables are
significantly lower than the corresponding results of the
MINLP model. The solutions obtained with the MINLP model
may be considered as dominated solutions of the MOP model.
Overall, the results for freshwater consumption are consistent for
all the 16 obtained solutions of the Pareto set, being verified a
non-significant of values between different solutions. In specific,
the results for freshwater consumption in Processes 1 and 3 are
approximately null. Such non-significant variation may also be
verified in the obtained Pareto front represented in Figure 3, in
which for all the non-dominated solutions there is only a minor
variation between solutions of the Water Cost on the abscissa of
the graph. Nonetheless, such is not verified for the variables
corresponding to hot and cold utility use, in which much higher
variations are verified between different solutions. Such
observation may be attributed to the inability to ensure the
same validity of the MOP model in comparison to the MINLP
model in terms of the modelling of mass and enthalpy balances,
which in its turn is attributed to the difficulty of MOP-related
solvers on the handling of equality constraints, despite the
favourability of the obtained solutions in terms of water and
energy use.

4.5 Implementation of Further Integration
The MINLP and MOP approaches previously presented in
Sections 4.2, 4.3 respectively were based on the performance
of heat recovery through the direct recirculation of wastewater

streams, this is, the additional heat inputted in the heaters at the
inlet of each water-using process is derived from the combination
of the inlet cold freshwater streams and the hot wastewater
streams, without the requirement for the installation of
additional heat exchangers. The original methodology
elaborated by the authors (Bagajewicz et al., 2002; Dong et al.,
2008; Boix et al., 2012) considered the installation of heat
exchangers in addition to direct water recirculation. Each
author developed a different methodology for a further heat
integration implementation based on heat exchanger
installation, and as primarily referred in Section 4.1 this work
in particular will also assess such implementation using its proper
methodology.

The methodology used in this work is based on the
development and implementation of a non-linear
programming (NLP) model. Such represents a second step of
the overall exercise of the solving of the proposed optimisation
problem, and as such is developed over the layer of the previously
described models. For instance, it is based on the further re-
configuration of the obtained water-energy networks (heat
exchangers are set to be added in several points of the WEN
which already encompasses several pathways for water
recirculation).

In this case, the installation of heat exchangers is only
justifiable as an alternative measure for direct water
recirculation (this is, freshwater streams that are not
combined with wastewater stream in the heaters and may
be heated up to avoid further consumption of hot utilities).
Considering such assumption, the WEN obtained by the
implementation of the MINLP model will be used for
further heat integration. Such WEN configuration was
selected since it was the only one from all the potential
configurations obtained by the MINLP and MOP problems
in which a freshwater stream was not combined with hot
wastewater streams from the remaining water-using
processes (in this case, the freshwater stream at the inlet of
Process 1). As such, for further heat integration it was
considered the installation of a heat exchanger for the heat

FIGURE 3 | Pareto front generated by the solving of the MOP model optimisation problem.
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transfer between the inlet water stream at the cooler (hot
stream), which is the stream that results from the
combination of the discharge streams of each process, and
the inlet water stream at heater 1 (cold stream). For this
complementary approach, a model was developed using the
existing Python package GEKKO (Beal et al., 2018), using the
APOPT solver. The developed NLP model is presented in the
Section 3 of the Supplementary Material.

The proposed NLP model was developed considering the
same theoretical assumptions of the MINLP and MOP models,
namely in terms of mass and enthalpy balance equations.
Furthermore, it also additionally considers the heat transfer
equation for the modelling of the heat transfer phenomena in
the heat exchanger. The heat transfer equation has the general
formula of Eq. 22.

q � U × A × ΔTm (22)

The mean temperature difference considered in Eq. 22 may
be computed through the use of Chen’s approximation to the
logarithmic mean temperature difference (Chen, 2019), as
presented in Eq. 23. It is to note that although the
consideration of a different method for the calculation of
this parameter (such as the finite volume method) would
potentially produce more accurate results, the use of such
methods for the solving of the proposed problem is rather
unnecessary.

ΔTm � ((THot,in − TCold,out) × (THot,out − TCold,in)

×(THot,in − TCold,out) + (THot,out − TCold,in)
2

)
1 /

3

(23)

The characterization of the NLP model in terms of decision
variables is presented in Table 16.

The objective-function of this optimisation problem is
represented in Eq. 24, which has units of 1,000 €. In Eq. 24,
the constant factors have the following meaning: 2,672.22 is the
cost associated to the part of water costs and energy costs that are
not changed on the newly conceptualized WEN (which
encompasses the three supplied freshwater streams, the hot
utilities on heaters two and three and the previously formed
interconnections), 6.64 denotates the newly formed
interconnection (the water stream that is recirculated) and
2.46 is associated to the installation of a new heat exchanger.
Once again, the capital costs associated to interconnections and
heat exchanger installation such are summed to the time-

variating operational costs associated to the water and hot and
cold utilities in the objective-function due to a reason of
convenience for the attainment of optimisation results.

ZNLP � 2672.22 + 6.64 + 2.46 + (16760 − 1000q) × 0.31291

+ (21660 − q) × 0.15687 + 0.996 × A

(24)

The results for the implementation of heat integration are
presented in Table 17.

4.6 Final Assessment of Results
The implementation of the previously presented optimisation
models converges on the conceptualization of new WEN. The
optimisation results may be represented pictorially by
representing the flowsheet of the newly conceptualized WEN.
Furthermore, the performance of the conceptualized system in
terms of water and energy efficiency improvement potential may
be assessed by analysing specific key performance indicators
(KPI), which in this case consist of the reductions on water
and energy consumption and total network costs. The newly
conceptualized WEN obtained respectively by the
implementation of the MINLP model and the combined
MINLP/NLP models are pictorially represented in Figure 4.
The results for several aggregated KPI’s are presented in Table 18.

5 DISCUSSION

The approach considered in this work was based on the
formulation of two different models (MINLP and MOP
models) to solve an optimisation problem presented in
literature. To assess the effectiveness of both these models
associated to the solving of the proposed problem, it is
necessary to compare the results of both these models, as well
as with the results obtained by the previously referred author.

5.1 Comparison of MINLP and MOP
Approaches
The MINLP approach was the initial approach to develop a
model for the solving of the proposed optimisation problem. It
was necessary to formulate the model as a mixed-integer one
since it involved integer variables (namely the number of
interconnections for water recirculation) and also non-linear
since some decision variables do multiply with each other in
several constraints of the problem, although the objective-
function was formulated as a linear function. Such formulation
considered a high number of decision variables (Eq. 24), which
was effectively necessary for the case with such formulation

TABLE 16 | Characterization of decision variables of the NLP model.

Variable Characterization Lower bound Upper bound

q Supplied heat 0 16.76
A Heat exchanger area 0 2000
ΔTm Mean temperature difference 0 50
TCold,out Cold stream outlet temperature 20 100
THot,out Hot stream outlet temperature 30 88.8

TABLE 17 | Results for the implementation of heat integration.

Indicator Result

Supplied heat (MW) 13.38
Heat transfer Area (m2) 938.10
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highly assisting for the convergence of the final solution. The
objective-function was formulated to only consider the decision
variables that directly contributed to the total annualized costs (in
this case, freshwater and recirculated water flow rates in addition
to existence of interconnections).

The MINLP model was validated by determining the residuals
associated to the enthalpy balances in the heaters and coolers,
whose respective equations were formulated as inequality

constraints. Such determination was necessary due to the
consideration of a high number of decision variables in the
model, and as such it is necessary to ensure that the
mathematical relation between these variables in terms of
mass and enthalpy balances is in accordance with the
theoretical equations. The calculated residuals presented
considerably low values, and as such the MINLP model may
be considered overall valid. Furtherly, a one-at-a-time (OAT)

FIGURE 4 | Flowsheet for (A) WEN configuration obtained by the implementation of the MINLP model (WEN1), (B) WEN configuration obtained by further heat
integration (WEN2).

TABLE 18 | Determination of Key performance indicators (KPI).

Baseline case WEN1 WEN2

Value Share
of reduction (%)

Value Share
of reduction (%)

Water consumption (kg/s) 133.0 88.2 33.7 88.2 33.7
Total utility Consumption (MW) 75.70 47.10 37.8 20.3 73.2
Total Network costs (k€/year) 18,210.3 11,316.3 37.9 5,131.5 67.2
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based sensitivity analysis was performed, in which several
parameters of the model were varied to test the robustness of
the model. Overall, the performed sensitivity analysis revealed
that determinate variations on the lower and upper boundaries of
determinate decision variables led to slight changes in the
obtained result, to the point that it is possible to obtain a
more viable solution (an inferior value for the total annualized
costs) by changing determinate parameters. As such, the
sensitivity analysis revealed that although the model is overall
robust (the solution is not considerably changed by the variation
of parameters), it was still possible to improve the final solution.
Such is particularly not in terms of the robustness of the
developed mathematical model but rather in operational terms
(lesser water and energy consumption and formed
interconnections in the plant).

In a next phase, the MOP model was developed, considering a
bi-objective problem for the minimization of water costs and
energy costs. To implement such approach, the original approach
taken for the MINLP has to be altered, so to surpass technical
limitations associated to the use of the pymoo package of the
Python language to implement the MOP approach. Such
limitations were essentially related to the handling of equality
constraints by the used genetic algorithm (NSGA-II). As such, all
the constraints of this model were elaborated as inequality
constraints. The running of the developed model allowed the
obtainment of a Pareto set and a Pareto front of solutions for the
proposed optimisation problem. The non-dominated solutions
constituting the Pareto Front are overall inferior to the solution
obtained by MINLP (the MINLP solution may be considered in
fact one of the dominated solutions). Considering all these
observations, it is possible to establish the following
comparison between the MINLP and MOP approaches:
although it is not possible to ensure the same validity of the
MOP model in terms of the overall phenomena associated to the
WEN (mass and enthalpy balances), the MOP approach is
capable of assessing solutions that are even more potentially
viable than the ones obtained by MINLP. Nonetheless, it is
needed to take into account that such observation is valid only
considering that energy costs represent the highest share of the
total annualized costs, highly surpassing the representativity of
water costs and interconnections costs (the latter which are not
even considered in the formulation of the problem).

The overall optimisation and modelling work was finalized by
analysing further heat integration, in specific through the
installation of heat exchangers in determinate points of the
WEN (an operational procedure was approached by
Bagajewicz et al. (2002), Dong et al. (2008), Boix et al. (2012),
Ibrić et al. (2016) and Yan et al. (2016). For such aim, it was
developed a NLP model to analyse the installation of an heat
exchanger to heat up a freshwater stream that is not combined
with any recirculated stream in MINLP solution. The running of
this model revealed that it is possible to obtain an even further
improved configuration of the WEN, with lesser energy
consumption (73.2%, compared to the previous 37.8%
reduction) and total network costs (67.2% compared to the
previously obtained 37.9% reduction). Considering that the
integrated MINLP and NLP model (primary step followed by

the complementary step) produces an overall more viable
solution than the MOP model, it is possible to conclude that
although the MINLP/direct water recirculation only approach
may not be overall more successful compared to MOP, its
coupling with the complementary NLP/further heat integration
approach produces the most viable results.

5.2 Comparison to the Approaches of
Previous Authors
This work seeks to advance on the studies carried on by Boix et al.
(2012) and develop an alternative model that represents an
advance to the one developed by the authors. In particular, it
is set to surpass the faults carried on by the two-step approach
developed by the authors, namely in respect to the handling of the
MOP step and the intermediary TOPSIS step. In one side, it may
be considered that the MOP step may suffer of the same
limitations pointed in section 5.1 (in terms of the handling of
equality constraints). Furthermore, the MOP approach by Boix
et al. (2012) uses a MILP procedure, in contrast to the non-linear
procedure taken in the MOP approach of this work, which lays a
limit on the consideration of determinate decision variables (for
instance, it is not possible to consider simultaneously water mass
flow rates and concentrations as decision variables). On the other
side, the TOPSIS procedure may suffer of rank reversal, in which
the selection of different alternatives may depend on different
priority criteria. In a next step, a MINLP approach was applied by
the authors to proceed with further heat integration.

In this work, the first step of the Boix et al., 2012 overall
approach is carried on by the implementation of the MINLP and
MOP models, which serve as alternative approaches not
depending one from the other. The second step is carried on
by the complementary NLP model, as already mentioned in the
previous sections. The carrying of the second step over the
MINLP model instead of the MOP model disables the use of a
decision-making procedure such as TOPSIS, and thus the
avoidance of the rank reversal issue. The decision-making
intermediary step is proceeded by analysing one single result
and having as priority the summation of all the considered costs
encompassed by the total network costs.

The WEN configuration obtained by the implementation of
the MINLP model (WEN1) corresponds to one of the WEN
configurations obtained by Boix et al. (2012) (this is, one of the
configurations obtained by the two-step procedure). This
configuration is associated to 33.7% water savings and 37.8%
total energy savings. The second WEN configuration obtained by
further heat integration (WEN2) allowed to obtained an even
furtherly improved overall result, with 33.7% water savings and
73.2% total energy savings. As such, it is possible to conclude that
this work is both an advancement and improvement to the work
by Boix et al. (2012) in the sense that the same result was obtained
by the implementation of a simpler procedure but also in the
sense that the overall modelling and optimisation framework was
able to assess even higher improvements at the level of water and
energy efficiency.

In addition to the approach by Boix et al. (2012), a set of two
different attempts were developed by Yan et al. (2016) and Ibrić
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et al. (2016) using, respectively, the NLP and the MINLP
methodologies. As mentioned afore, these two works are more
recent improvements over the MINLP model developed by Dong
et al. (2008). These two models were developed using GAMS
language considering the respective causal conditions for the
existence of recirculation streams. Such modelling procedure was
adopted to prepare the models for the solving of problems in
different scales and for manageable number of hot and cold
streams.

The procedure adopted for the handling of the MINLP
approach in this work is different in the sense that the
existence of a certain recirculation stream is determined by
the values associated to binary variables which denotate the
existence of these streams. These binary variables are
considered in the linearized objective functions through its
multiplication with the respective unitary costs for a single
interconnection and within the constraints through its use in
the mass and enthalpy balance parcels with adequate assigned
to these streams. The process model is used in the optimization
problem through the minimization of total network costs to
determine the existence of a certain recirculation stream for the
scenarios. Since the binary variable values are multiplied in
additional constraints which relate the original variables and
corresponding duplicate variables and considering that these
duplicate variables are the ones that are effectively used in the
objective function the model converges to a point in which the
total network costs calculated by the multiplication of the
unitary cost factors and the corresponding duplicate
variables is minimum. Overall, such modelling procedure
allows the avoidance of the use of conditional clauses, which
may be difficult to be handled. The structure of the MINLP
model in terms of the disposition of the original and duplicate
real variables may be observed in Section 1 of Supplementary
Material.

Therefore, a robust model was produced by only considering
the equations for physical phenomena (mass and enthalpy
balances and heat transfer). The developed model runs with a
reasonable running time (an average 0.06 s in a machine using
Python 3.9.6, Intel Core i5 processor and 8 GB RAM).
Furthermore, the established general model by the same set of
equations may be furtherly adapted to be used for different case-
studies (namely ones with larger industrial scales) and for
implementation in different software packages (in practice, the
user must only change the structure of the physical phenomena
equations and the conditions associated to different solvers).

5.3 Comparison With Other Literature
Approaches
The analysis of the potential associated to the presented models
for the project of water-energy networks may be performed by the
comparison of the results of this work with the results obtained by
the optimisation models developed by previous sequential and
simultaneous approaches. In this sense, the results obtained in
this work will be compared with the ones obtained by the
sequential approach adopted by Kermani et al. (2019) and the
simultaneous approach adopted by Hou et al. (2017).

The overall methodology developed by Kermani et al. (2019)
subsisted on the formulation of three sub-problems for the
conceptualization of WEN and its solving through the iterative
generation of potential solutions by the implementation of integer
cut constraints, overall using a multi-criteria approach. The
solving of the proposed overall problem leads to the
generation of several solutions which may be furtherly
evaluated by decision-makers to be selected as the most
favourable WEN configuration. The selection of a multi-
criteria approach is attributed to the fact that the cost of heat
exchanger networks (HEN) is taken as the main objective of
previous optimisation models. Such rationale effectively leads to
the consideration of the multiple objectives considered in the
conceptualization of a WEN and also enables the choice of the
most favourable configurations taking into account different
criteria by different industrial decision-makers. Nonetheless,
such modelling concept may still be associated to the issue of
rank reversal. The integratedMINLP/NLP approach developed in
this work surpasses such issue by considering a previously defined
priority criteria in the conceptualization of the MINLP model
followed by the NLP model, in which direct water recirculation is
favoured as a practical measure over installation of heat
exchangers. In this prospect, through the consideration of
different models and different conceptualization steps, this
work avoids the issue of rank reversal, it sequentially presents
more favourable WEN configurations although it considers the
role of further decision-making by industrial stakeholders by
presenting several alternatives.

The methodology developed by Hou et al. (2017) subsists on a
simultaneous approach for the minimization of water and energy
use based on two design steps: the first one consists on the
conceptualization of water allocation networks (WAN) (which
corresponds to the direct water recirculation step encompassed
by theMINLP andMOPmodels in this work) and the second one
consists on the combination of the conceptualized network with a
heat exchanger network (HEN), which is then optimised in the
sense to minimize the number of heat exchangers. The procedure
to assess the minimization of the number of heat exchangers is
performed considering a heuristic procedure. The application of
such methodology leads to the conceptualization of a WEN
configuration with significantly low heating needs (about
4 MW) and null cooling needs for a studied example. The
modelling procedure considered in the second design step may
be associated to a set of limitations also appointed to the use of the
pinch technique, namely in respect to the consideration of
assumptions on physical properties and temperature profiles.
The primary approach considered in this work (MINLP and
MOP models) is similar to the one developed and implemented
by Hou et al. (2017), leading to similar results in terms of
minimization of freshwater and energy. The second design
step considered by Hou et al. (2017) is taken into account in
this work through the further heat integration complementary
approach. In this case, heat exchanger installation is regarded as
an alternative measure to direct water recirculation and
conceptualized for the heating of freshwater streams at the
inlet of heaters that are not combined with wastewater streams
from other processes in the heaters in the initial WEN
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configuration. Such design option leads to the planning of the
installation of heat exchangers in specific and defined points of
the WEN. The heat transfer phenomena within the heat
exchangers is then modelled through the heat transfer
equation considering the Chen’s approximation to the
logarithmic mean temperature difference. In this prospect,
such conceptualization option in the complementary approach
allows the assessment of further improvement at the level of water
and energy use that are not attained in the initial WEN
configuration by the development and implementation of a
relatively accurate model for heat transfer.

Taking into account the aforementioned aspects, the overall
methodology developed in this work is developed to create
models that accurately compute the values associated to mass
and enthalpy balances and heat transfer equations and assess the
highest possible improvements at the level of water and energy
use. Nonetheless, it considers the role of decision-making by
presenting several alternatives and a sequence of WEN
configurations that are gradually more favourable.

5.4 Comparison of Key Performance
Indicators
The numerical results obtained in this work related to the
associated potential for water and energy efficiency
improvement may be assessed by the comparison of
determined key performance indicators (KPI) for different
solutions for the same case-study. In this case, such is
performed by comparing the results associated to the most
favourable WEN configuration obtained in this work (WEN 2)
and the results for the WEN configurations approached by
previous authors (Bagajewicz et al., 2002; Dong et al., 2008;
Boix et al., 2012; Ibrić et al., 2016; Yan et al., 2016). The
comparison of different KPI’s in respect to the optimisation
results obtained the present paper and the results obtained by
previous authors is presented in Table 19.

As may be verified by an overall analysis to the values presented
in Table 19, the results obtained in this work for water and utilities
consumption are considerably higher than the corresponding
results obtained by previous authors. In this view, the
corresponding values for annualised operating costs and total
network costs are also considerably higher. Such may be

explained in a primary basis and in accordance with the
verifications of Section 5.3 by the definition of different criteria
of WEN conceptualization between the different works. While in
this work the priority criteria focused on the minimization of the
water and utilities consumption and total networks costs, in this
work were taken also as priority the impact of decision-making
(namely the existence of operational conditions that are not
considered in the conceptualization of the WEN superstructure)
and the accuracy associated to the models in terms of considering
physical phenomena such as heat transfer.

By establishing a comparison of the designated solutions 1–4
presented in Table 19, it is possible to verify that the results are
consistently improved from solution 1 to 4, which correspond to
gradually new solutions for the solving of the same problem. An
exception would be the freshwater consumption from solution 1
to 2, although suchmay be considered a minor drawback since, as
already mentioned above, the costs associated to the utilities are
associated to a much higher order of magnitude than the costs
associated to water, and also by comparing the HEN investment
costs from solution 2 to 3, which is attributed to increased costs
for investment on heat exchanger installation.

In a more specific analysis, it is to note that the
conceptualization of WEN superstructures by the previous
authors considered the existence of other water recirculation
points (such as by-passes) and other points of installation of
heaters in addition to the standard superstructure constituted by
one heater per process inlet, one cooler for the whole WEN and
water recirculation from one process outlet to the remaining ones.
Considering the aforementioned criteria, a set of threemodels were
developed in this work using the existing Python packages. These
models were developed with the aim to be reproducible and
adaptable for several case-studies with different industrial scales,
by establishing a general model encompassing mass and enthalpy
balance equations. As mentioned in previous sections, this general
model was in the case adapted for the two considered initial
approaches (MINLP and MOP). The existence of some points
of water recirculation and installation of heaters is not considered,
however, in the conceptualization of the WEN superstructure
elaborated for this work. In its turn, the alternative MOP
approach developed for this work can produce results which
produce higher water and utilities savings, although, as
mentioned afore, it is not possible to ensure the same validity

TABLE 19 | Comparison of Key Performance Indicators (KPI) for the same approached case-study.

This work Solution 1 Solution 2 Solution 3 Solution 4

Dong et al. (2008) Yan et al. (2016) Ibrić et al. (2016)

Sequential
approach

Simultaneous
approach

Water consumption (kg/s) 88.2 77.3 87.2 77.3 77.3
Utilities consumption (MW) 20.3 4.23 3.67 3.25 3.25
Number of interconnections 3 7 4 7 6
Number of additional heat exchangers 1 4 2 3 2
Number of heaters 3 2 2 2 2
Number of coolers 1 1 0 0 0
HEN investment (k€/year) 67.1 337.2 253.9 330.6 289.0
Total annualised costs (k€/year) 5,064.4 2,276.0 2,184.4 2,038.8 1,997.2
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of the developed model as for the integrated MINLP and NLP
approach, in addition to the potential of existence of the rank
reversal issue associated to the handling of the step of further heat
integration. As such, it is possible to conclude that for the
attainment of more favourable results for water consumption,
utilities consumption and total annualised costs the
aforementioned general model must be adapted to consider
further points of water recirculation and installation of heaters.

6 CONCLUSION

This work approaches the solving of an optimisation problem
present in literature related to the conceptualization of water-
energy networks (WEN). These type of industrial energy systems
encompass the recirculation of wastewater streams from water-
using processes to be used as additional sources of both water and
energy, to produce improvements in terms of water and energy
efficiency in a perspective of integrated waste heat recovery and
water recirculation, designated as Combined Water-Energy
Integration. The case-study of this work consists on the analysis
and assessment of a water system constituted by three water-using
processes. Each process is feed with a freshwater stream, with a
heater being installed in each respective inlet water pathway and
then the discharge water streams being combined to be cooled
down in a cooler. The aim adjacent of the proposed optimisation
problem is based on the minimization of total annualized costs,
encompassing water costs and energy costs (hot and cold utilities in
the heaters and cooler, respectively), as well as capital costs for
interconnections and the installation of heat exchangers.

For the solving of this general optimisation problem, two
methods were proposed and used: mixed-integer non-linear
programming (MINLP) and multi-objective programming
(MOP). These two approaches only considered direct water
recirculation as the operational method for heat recovery, and
as such an additional method based on non-linear programming
(NLP) for further heat integration based on heat exchanger
installation was applied, being assembled over the overall layer
of the MINLP model. Overall, the combined MINLP and NLP
approach revealed to bemore viable than theMOP approach (with
obtained optimal total annualized costs of 5,131.5 k€). Nonetheless,
the MOP approach considers a higher number of results translated
on possible WEN configurations. In general, the WEN
configurations obtained by the implementation of the MINLP

model (WEN1) and further integration (WEN2) revealed the
potential to improve water efficiency (33.7% water savings),
energy efficiency (energy savings of 37.8% for WEN 1 and
73.2% for WEN2) and reduce total network costs (reduction of
37.9% for WEN1 and 67.2% for WEN2). The numerical results for
water and utilities consumption are higher than the ones obtained
by previous author approaches, as other priority criteria (in
addition to the water and energy savings) was considered. The
existence of several levels of decision-making by industrial
stakeholders and model accuracy in respect to physical
phenomena are considered. Although the assembled models are
valid and robust for improved industrial water systems it still exists
space for improving to include more specific criteria and solve
other uncertainties regarding industrial decision-making.
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GLOSSARY

A Heat transfer area (m2)

c Unitary costs (€/kg)

C Contaminant concentration (ppm)

h Specific enthalpy (kJ/kg)

M Mass flow rate (kg/s)

q Supplied or withdrawn heat (MW)

T Temperature (oC)

U Overall heat transfer coefficient (MW/(m2·oC))
y Existence of interconnection

Z Total investment cost to be minimized (€/year)

Δ Variation

1, 2, 3 Processes 1, 2 and three

C Heat exchanger (cooler)

Cold Cold Fluid Stream

cont. Contaminant

freshw Freshwater stream

H Heat exchanger (heater)

Hot Hot Fluid Stream

in Heat exchanger inlet

m Mean

out Heat exchanger outlet

P Water-using process

Ut Utilities

w Feed water to a Water-using process

wastew Wastewater

HEN Heat exchanger network

HIWAN Heat-Integrated Water Allocation Network

KPI Key Performance Indicators

LP Linear programming

MILP Mixed-integer linear programming

MINLP Mixed-integer non-linear programming

MOP Multi-objective programming

NLP Non-linear programming

TAC Total annualized cost

WAHEN Water allocation and heat exchanger network

WAN Water allocation network

WEN Water-energy network

WHR Waste heat recovery

ZLD Zero-liquid discharge
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