Systems .Control
Transactions

ESCAPE 36 - European Symposium on Computer Aided Process Engineering

Original Research Article
Peer Reviewed Conference Proceeding

PSE

PRESS

Sheffield, UK. 21-24 June 2026

Methodology to assess the integrity of Water and Energy
Integration Systems (WEIS) models using the ThermWatt

computational tool

Miguel Castro Oliveira®*, Rita Castro Oliveira° and Henrique A. Matos®

@ Research, Development and Innovation, Instituto de Soldadura e Qualidade, 2740-120 Porto Salvo, Portugal
b Centro de Recursos Naturais e Ambiente (CERENA), Department of Chemical Engineering, Instituto Superior Técnico, Avenida

Rovisco Pais 1, 1049-001 Lisboa, Portugal

¢ Department of Computer Science and Engineering, Instituto Superior Técnico, Avenida Rovisco Pais 1, 1049-001 Lisboa, Portugal
* Corresponding Author: dmoliveira@isqg.pt, miguelmcoliveira@tecnico.ulisboa.pt.

ABSTRACT

Type your abstract text here. This work presents an essential methodological framework oriented
to the implementation of sustainability promotion measures in process industries. It makes use of
a previously developed paradigm, designated as Water and Energy Integration Systems (WEIS),
which are fundamentally conceptual systems based on the implementation of several technologies
implemented with the end to minimize water use, energy use and related environmental burdens.
The primarily conceptual nature of these systems is significant that these have not been signifi-
cantly implemented in real-life, and that these have been essentially implemented in the virtual
basis of digital twin-based computational models. This work extensively presents a methodology
developed for the assessment of the integrity of WEIS models, which have been developed using
the capacities of a customised computational tool designated as ThermWatt. Two previously ap-
proached case-studies have been considered to perform a proof-of-concept in respect to the
applicability of the delineated methodology. The delineated methodology proved to be adequate
for the whole process of the elaboration of the WEIS Engineering projects, paving way to the im-
plementation of these in real-life in a future perspective.

Keywords: Water and energy integration systems, simulation, optimisation, model integrity, sustainability pro-

motion

INTRODUCTION

This is Header 2Water and Energy Integration Sys-
tems (WEIS) subsist in complex installations to be in-
stalled in end-use sector facilities set to perform the
maximum use of the recirculation of waste heat and wa-
ter streams for the purpose of causing an overall sustain-
ability promotion. These systems use a set of technolo-
gies that may be used in the context of the exploitation
of the interdependencies of energy and water resources,
as encompassed by the concept of water-energy nexus
[1].

The WEIS paradigm was introduced and extensively
developed in previous works developed by the authors
[2], along with the tool created for the purpose of mod-
elling, the ThermWatt computational tool [3]. This tool
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subsists in several simulation and optimisation models
created in the Modelica and Python languages, which
fundamentally serve as digital twins of real-life installa-
tions.

The duality between the WEIS paradigm and the
ThermWatt tool has been making possible the existence
of a complex framework in which the viability associated
to sustainability promotion technologies-based systems
is set to be firstly assessed in a virtual basis. In this sense,
it is possible to develop proposals of systems that pro-
mote overall sustainability in a site with minimized re-
quirements of real-life testing of technologies to be im-
plemented. Owing to the primarily conceptual nature of
the WEIS paradigm, the assurance of the integrity of
computational models of this type of systems is essential
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Step 1
Analysis of the conditions of the base case scenario

Step 2
Proposals of WEIS scenarios
With waste heat and water streams recirculation practices

Step 6

optimisation models
Same variables and constraints as the simulation models

Step 7
Sensitivity analysis
L, Development and further use of WEIS N Adjysﬁme}nt of parameters integrated on the developed __, Setting down of the final solution with the —
optimisation models, to assess the robustness of the
developed optimisation model and potentially improve
the initially obtained optimisation solution)

Step 8

results of the optimisation model

Step 9

Integration of the optimised results into the counterpart simulation model to obtain a final model

Step 10
Post-processing assessment
— Based on the determination of key performance indicators
(KPI) oriented to the proof of the sustainability promotion
potential of the conceptualized physical systems

L,
Integrating conditions that are assumed to correspond to minimized energy and water use and the highest accuracy physical
phenomena simulation
Note
While the methodology was developed considering the paradigm of the ThermWatt tool, it may be implemented in its entirety to similar modelling frameworks, as long as
counterpart simulation and optimisation models are able the be created (in steps 3 and 6) and dedicated application programming interfaces (APl) may be implemented for the
transfer of numerical values (in step 9).

Figure 1. Methodology for model integrity assessment
Legend

(1) Freshwater
(2)  Economiser 1
(3)  Economiser 2

(10)

(4)  Economiser 3

(5)  Economiser 4
(6)  Heater1

(7)  Heater2
(8)  Heater3
(9)  Heater4
(10)  Water-using Process 1
(11)  Water-using Process 2
(12)  Water-using Process 3
(13)  Water-using Process 4

[£51)

(24)

. s
(21) )

] a @)

(14)  Multi-Effect Distillation Condenser
(15)  Multi-Effect Distillation Effect 1

(16)  Multi-Effect Distillation Effect 2

(17)  Multi-Effect Distillation Effect 3

(18)  Multi-Effect Distillation Effect 4
(19)  Multi-Effect Distillation Effect 5

(20)  Condensate
(21)  Treated Water

(22)  Cooler

(23)  Electrolysis Unit

(24)  Produced Hydrogen

Figure 2. Water system side of both WEIS Scenarios 1 and 2 for Case-study 1 (flowsheet-based model created

using the capabilities of the ThermWatt tool)

to proceed with the most accurate analysis of the physi-
cal phenomena inherent to these systems and the as-
sessment of the sustainability promotion potential of
these.

In this work, the methodology developed for the
purpose of assessing the integrity of WEIS models is ex-
tensively presented. A set of results related to two case-
studies within the Portuguese process industry (namely
a ceramic plant) are presented and furtherly used to
prove the applicability of the developed methodology.

METHODOLOGY

The assessment of the potential implementation of
Water and Energy Integration Systems (WEIS) must sub-
sist on a methodology that is set to allow the whole pro-
cess from the initial analysis of a case-study (which is
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commonly a process industry plant and its whole system
comprising energy sources, energy supply, energy de-
mand and energy-using processes) to the obtainment of
indicators reflecting the sustainability promotion poten-
tial brought by the implementation of such systems. In
the context of the integration of computational model
(which has been the main form of study of the implemen-
tation of WEIS, owing to the mostly still conceptual nature
of these systems), the implementation of such method-
ology requires the development of validated and useful
models. As such, the delineation of such methodology re-
quires that this is not only one oriented to the assessment
of the potential implementation of WEIS Engineering pro-
jects but also to the evaluation of the integrity of compu-
tational models of these systems.

In Figure 1, the methodology inherent to the process
of WEIS model integrity evaluation (and, in this prospect,
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Figure 3: WEIS (Thermal system side) a) Scenario 1 and b) Scenario 2 for Case-study 1 (flowsheet-based model

created using the capabilities of the ThermWatt tool)

the assessment of the potential implementation of WEIS
within specific case-studies) is extensively detailed.

The development of all the previous works within
the overall topic of Water and Energy Integration Systems
[2, 3] have subsisted on the application of the afore iden-
tified methodology in a subtle manner. The delineation of
this methodology which serves as the main subject of
this work serves as a manner to turn accessible the im-
plementation of the WEIS paradigm by interested parts of
scientific communities, as well as interested parts from
end-use sectors representatives.

In the prospect to assess model integrity, the meth-
odology delineated in Figure 1 must be implemented in an
aggregated manner, in which the application of each one
of the delineated steps converges in the proof of integrity
of a developed modelling framework. The quality of a
model to be integrate subsists on the verification of the
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following aspects:

Simulation-based scenarios must be able to
generate most favourable results in comparison to
the base case scenarios;

Optimisation results must be overall more
favourable in comparison to the results generated
by running of the corresponding simulation
models;

Models are valid, according to the comparison
between real-life and simulation data;

The sustainability promotion capacity (economic,
environmental and social pillars) associated to
WEIS implementation must not be compromised by
the application of the overall modelling framework.
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Figure 4. Water system side of both WEIS Scenarios 1 and 2 for Case-study 2 (flowsheet-based model created

using the capabilities of the ThermWatt tool)

BACKGROUND

In the prospect to perform a proof of concept of the
WEIS paradigm, a set of two process industry-oriented
case-studies have been approached. Both these case-
studies are set in a Portuguese ceramic plant, has been
exploited through the development and further use of
simulation and optimisation models (integrated in the
ThermWatt computational tool), followed by a complex
post-processing assessment based on the evaluation of
the viability associated to proposed WEIS.

The afore proposed methodology has been imple-
mented for both case-studies (up until step 3). For both
case-studies, the conceptualized WEIS consider the im-
plementation of:

= An Organic Rankine cycle (ORC) to generate
electricity;

= A multi-effect distillation (MED) unit for removal of
contaminants (salts) from wastewater streams
(and thus to produce treated water streams with
negligible concentration of contaminants);

= An Electrolysis unit to produce hydrogen streams
from treated water streams, which are then blend
with the natural gas fuel streams at the inlet of the
combustion-based processes.

For case-study 1, the conceptualized WEIS specifi-
cally considers:

= A steady-state perspective (owing to the
inexistence of combustion-based processes
operating in batch);

= Two tunnel kilns as combustion-based processes;

=  Four water-using lines (each one encompassing a
heater and a water-using process), which are
mixed in single water-using line which is then
cooled down in a cooler;
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= The recirculation of the waste heat streams (either
exhaust gas or hot air) to constitute additional
energy inputs in combustion-based processes
with direct mixture with inlet combustion air
(Scenario 1) or by the implementation of air
preheaters (Scenario 2).

= For case-study 2, the conceptualized WEIS
specifically considers:

» A transient-state/ dynamic perspective (owing to
the existence of batch combustion-based
processes);

=  Four combustion-based processes, two tunnel
kilns and two intermittent kilns;

= Three water-using lines (each one encompassing a
heater, and a water-using process and a cooler);

= The recirculation of the waste heat streams (either
exhaust gas or hot air) to constitute additional
energy inputs in combustion-based processes
with direct mixture with inlet combustion air;

= The aforementioned streams are also recirculated
to a phase change material (PCM)-based thermal
energy storage (TES) unit, which is heated up by
the passage of the exhaust gases (Scenario 1) or
hot air (Scenario 2) streams (while the intermittent
kilns are not operating) and from which thermal
energy is discharged by the passage of an
ambient air stream which is then distributed to
each one of the four combustion-based
processes.

Each one of the WEIS scenarios developed for case-
studies 1 are pictorially presented in the sequence of Fig-
ures 2 and 3. Each one of the WEIS scenarios developed
for case-studies 1 are pictorially presented in the se-
quence of Figures 4 and 5.
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Figure 5. WEIS (Thermal system side) a) Scenario 1 and b) Scenario 2 for Case-study 2 (flowsheet-based model
created using the capabilities of the ThermWatt tool)

MODEL INTEGRITY ASSESSMENT

The assessment of model integrity associated to
each one of the approached case-studies may be per-
formed by the analysis of aggregated results. In this case,
the results which may be analysed in aggregated manner
and thus allow the attainment of the specific objectives
of the implementation of the afore presented methodol-
ogy are the energy use or production associated to each
one of the energy sources of interest (natural gas use in
combustion-based processes, net electricity generation,
freshwater consumption and hot/ cold utility consump-
tion), as well as the total operational costs attributed to
Syst Control Trans 5:1705-1712 (2026)
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the overall inputs of energy and water. In the context of
the integration of developed computational models, the
following sets of results are set to be considered for anal-

ysis:

Base cases;

Simulation results for each WEIS scenario;

Initial Optimisation results obtained by the running

of the developed optimisation models before

sensitivity analysis;

Optimisation results obtained by the running of the
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Table 3: Model integrity assessment for each one of the approached case-studies

Case-study 1

Case-study 2

Scenario 1is favoured in relation to scenario 2,
owing to the relatively lower operational costs;
It is possible to verify that the obtained values
for the hot utility consumption in heaters 1, 2
and 3 are higher in the context of the final
model, being slightly higher than the null values
obtained by the previous two sets of optimisa-
tion results. Such is attributed to the different
temperature of the water streams at the inlet of
the mentioned three heaters on the final model,
which results from the mixture of several recir-
culated water streams within the whole water
system within the overall WEIS;

These temperatures values are slightly lower
on the final model (developed in the Modelica
language) in relation to the optimisation models
(developed with the Python languages), owing
to the different modelling packages used to
simulate water properties in both categories of
models. Such slight decrease of temperature at
the inlet of the heaters are responsible for a
slight requirement of hot utility supply to
achieve the objective temperature values at
the outlet of the heaters.

Scenario 2 is favoured in relation to scenario 1, owing to the rela-
tively lower operational costs (as may be verified by the opera-
tional costs associated to the thermal process systems
standalone);

The results associated to each one of the parcels associated to
energy use (namely the natural gas consumption in each one of
the four kilns) are generally lower in the respective optimisation-
based scenarios in comparison to the counterpart simulation-
based scenarios (which is according to the expected verifica-
tions);

The respective energy use levels are relatively higher in the final
model (which also causes the total operation costs to be relatively
higher). Such relative increase may be attributed to the respective
methods implemented for the modelling of the PCM-TES unit in
the optimisation model developed for Case-study 2 and in the
equipment-level model implemented within the case-study’s sys-
tem-level model. The latter uses a much more accurate method,
based on the finite difference method (FDM) for the modelling of
heat transfer phenomena;

The afore delineated verification does not considerably affect
overall model integrity. The disparity between the results from the
counterpart optimisation and final models may be considered a
negligible difference, not affecting the balance between model-
ling accuracy and attainment of the highest sustainability promo-
tion level for the approached case-study.

Overall

The implementation of all scenarios for both case-studies is set to generate significant results in terms of reduced energy
and water-related operational costs in relation the base case scenario;

All the sets of optimised scenarios generate more favourable results in comparison the ones obtained by simulation
models (proving the primary effectiveness of the developed optimisation models);

The results obtained after the sensitivity analysis correspond to a point in which the thermal-to-electric efficiency con-
sidered to assess potential electricity generation on the optimisation models is reduced in order to ensure that this pa-
rameter is certainly higher in the context of the running of the final simulation model;

The aforementioned verification ensures that the definitive solution is the one associated to the minimum possible level
of total operational costs, while still considering the most accurate modelling of physical phenomena. In this sense, the
net generated electricity (and thus operational costs savings) is relatively lower after the performance of the sensitivity

analysis;

The final results (optimisation results integrated in the simulation model) correspond to significant operational costs
savings, evaluated using a model proved to be accurate in terms of the simulation of physical phenomena.

Consumption Cooler 2 133.00
(MJ/h) Cooler 3 17.00
Overall
Total Operational Cost (M€/year) 2.53 2.04 2.04 2.01 1.87 1.89

developed optimisation models after the
performance of sensitivity analysis;

»  Final results obtained by the aggregated model.

In Tables 1 and 2, the aggregated results for each
one of the WEIS scenarios of interest are presented. In
Table 3, the aspects related to the model integrity as-
sessment process for each one of the approached case-
studies are presented.

Overall, model integrity associated to the whole
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modelling framework developed for each one of the
case-studies may be considered to have been secured,
attending that:

= All sets of simulation results are considered to be
more favourable in comparison to base case
scenarios (significant reduction of total operational
costs);

= All sets of optimisation results are considered to
be more favourable in comparison to the

1710



counterpart simulation scenarios (considerable
relative reduction of total operational costs);

= Models are valid;

= The overall modelling framework allows the
attainment of final WEIS configurations that have a
secured sustainability promotion capacity.

In the framework of the present work, the imple-
mentation of methodology presented in Figure 1 may be
considered to have been fully fulfilled by section 3 (up
until step 3) and the present section 4 (up until step 9).
The sustainability assessment process (corresponding to
step 10) is considered to also have been completed in the
scope of the overall study inherent to this work, although
such process have been mostly presented and exten-
sively exploited in the previous related works developed
by the authors [4]. In this prospect, the presentation of a
significantly higher detail related to this step is consid-
ered to be unnecessary in a standalone perspective of
the focus of this work. An extensive model validation pro-
cedure have been also presented in previous works (the
models approached in this work are considered to be a
priori valid in terms of the representation of physical phe-
nomena) [5].

An extensive delineation of the sustainability pro-
motion capacity associated to the implementation of the
conceptualized WEIS (in respect to the proof of the at-
tainment of benefits associated to the economic, envi-
ronmental and social pillars of sustainability) is presented
in the digital supplementary material (with information
adapted from [5]).

CONCLUSIONS

This work extensively presents the methodology
developed for the purpose of assessing the integrity of
Water and Energy Integration Systems (WEIS) computa-
tional models. Although the WEIS paradigm has been in-
troduced and extensively exploited in previous works,
the delineation of the approached methodology is funda-
mental for the scientific communities and end-use sec-
tors representative to replicate similar sustainability pro-
motion results for case-studies other than the ones that
have been already exploited. The existence of such a
methodology is important due to the primarily conceptual
nature of the WEIS paradigm. As such, the assurance of
the integrity of models of this type of systems is essential
to proceed with the most accurate analysis of the physi-
cal phenomena inherent to these systems and the deter-
mination of several sustainability promotion indicators
(which is the foremost final objective of these of these
models).

From the analysis of aggregated results obtained by
the use of computational model created for two Portu-
guese process industry case-studies, it is possible to

Oliveira et al. /| LAPSE:2026.0416

affirm that:

= The running of initial simulation models for several
WEIS scenarios for a same case-study allow the
attainment of significant savings at the level of
energy use, water use and total operational costs;

=  The running of counterpart optimisation models
allows the attainment of significantly more
favourable results in comparison to the simulation
models, with such attainment process being later
refined by the consideration of results obtained
after the performance of sensitivity analyses to
these models;

*= The integrity of the final models (through the
integration of optimisation results into the
counterpart simulation models, considering a
compromise between the accuracy of physical
phenomena modelling and optimised results) is not
compromised by the allocation of numerical
outputs from the optimisation models as inputs on
the simulation models.

The proposed methodology may be considered ad-
equate for the whole process of the elaboration of the
Engineering projects of a WEIS, from the first step of an-
alysing base case data to the final proof of sustainability
promotion. Such is supported by the successful imple-
mentation of the delineated methodology in two real-life
case-studies, having been proved that the integrity of the
developed overall modelling frameworks is secured for
both cases.

DIGITAL SUPPLEMENTARY MATERIAL

Digital supplementary material is available at
https://psecommunity.org/LAPSE:2026.0021.
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