Deliverable 4.3

Date: 8th February 2016

Título de la publicación
Título de la publicación
Título de la publicación
Approach
best modelling methodology
Título
detolathepublicación
Prepared by: CIRCE
“This project
has received
funding
the European
Union’sfrom
Seventh
Programme
for research,
“This
project
hasfrom
received
funding
the
European
Union’s
technological development and demonstration under grant agreement No 604140”

Seventh Programme for research, technological development and

Document: DLV 4.3 Approach to the best modelling methodology
Author: CIRCE

Version: 1

Reference: ID 604140 TOP-REF DLV 4.3

Date: 08/02/2016

DELIVERABLE FACTSHEET
Document Name:
Responsible Partner:
WP:
Task:
Deliverable nº:
Version:
Version Date:

Approach to the best modelling methodology
CIRCE
4
4.3
4.3
Final
08/02/2016

Dissemination level

x

PU = Public
PP = Restricted to other programme participants (including the EC)
RE = Restricted to a group specified by the consortium (including the EC)
CO = Confidential, only for members of the consortium (including the EC)

Diffusion list 1
Approvals
Author/s

Company

Task Leader
WP Leader

Documents history
Revision
1
2
3
4
5

1

Date
15/11/2015
11/1/2015
23/1/2016
25/1/2016
8/2/2016

Main modification
Draft Outline
Consolidated version
Reviewed version
2nd Review
Final

Author
CIRCE
CIRCE
Petrogal, INOSIM
CIRCE
CIRCE

To be filled just if the dissemination level is PP or RE;

Approach to the best modelling technology

2

Document: DLV 4.3 Approach to the best modelling methodology
Author: CIRCE
Reference: ID 604140 TOP-REF DLV 4.3

Version: 1
Date: 08/02/2016

DISCLAIMER OF WARRANTIES
“This project has received funding from the European Union’s Seventh Programme for research,
technological development and demonstration under grant agreement No 604140”
This document has been prepared by TOP-REF project partners as an account of work carried out
within the framework of the EC-GA contract no. 604140.
Neither Project Coordinator, nor any signatory party of TOP-REF Project Consortium Agreement,
nor any person acting on behalf of any of them:
(a) makes any warranty or representation whatsoever, express or implied,
(i).
with respect to the use of any information, apparatus, method, process, or
similar item disclosed in this document, including merchantability and fitness for
a particular purpose, or
(ii).
that such use does not infringe on or interfere with privately owned rights,
including any party's intellectual property, or
(iii).
that this document is suitable to any particular user's circumstance; or
(b) assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if Project Coordinator or any representative of a signatory
party of the TOP-REF Project Consortium Agreement, has been advised of the possibility
of such damages) resulting from your selection or use of this document or any
information, apparatus, method, process, or similar item disclosed in this document.
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EXECUTIVE SUMMARY
The present deliverable summarises the main activities performed during Task 4.3 “Cross-sectorial
modelling and simulation” within TOP-REF project. Firstly, it describes the general methodology
used in WP4 for each demo-site aiming at increasing energy and resource efficiency, paying
special attention to process simulation models and surrogate models. Secondly, a cross-sectorial
review of the application of modelling tools is presented where important niches are found for
the modelling approaches considered, especially for SPIRE sectors.
Next figure gives an overview of the TOP-REF approach. Firstly, the Key Resource Indicators (KRIs),
parameters to represent resource efficiency indexes were developed (in Task 2.3). These KRIs are
designed to be universally applicable to industrial sectors or plants. In addition, a specific set of
Key Performance Attributes (KPAs) is defined for each plant to ensure a proper investigation space
in terms of product quality, operability, safety and environmental issues. Next to these indicators,
process models of the different use cases were set up by using commercially available process
simulation softwares. These process simulation models, together with the defined KRIs and KPAs
form the basis for the TOP-REF methodology approach.

Overview of the stages of TOP-REF approach in WP4

In a subsequent step, the operating parameters of a process simulation model shall be optimized
towards the specified set of KRIs (Task 4.4), using the KPAs as constraints. Due to the large
number of influential operating parameters in real process plants, the Critical Process Parameters
(CPPs), shall be identified by a global sensitivity analysis. The use of detailed process models
makes the sensitivity analysis and optimization algorithms highly computationally-intensive.
Therefore, prior to the global sensitivity analysis, surrogate models are generated. Surrogate
models are sampling-based approximations of detailed process models which require less
computational time. In a last step, the set of CPPs (identified by sensitivity analysis) are used to
optimize the surrogate models towards the previously defined KRIs within the limiting KPA values.
The proposed methodology, once fully applied will result in a new operational point of the
considered plant with a better performance in terms of resource and energy efficiency.
The aim of all detailed models is to predict the behaviour of the system and to provide additional
information about the processes. The outputs of these models are the inputs of surrogate models.
Process models have been built based on commercial available software simulation packages
(Aspen Plus®, Aspen Hysys® and Matlab®). The developed simulation tools describe in detail the
components of the process units and utilities. In the case of the Fertilizer plant, the main process
units have been properly simulated by default Aspen Plus® models. However, for the rotary drum
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granulator-dryer and cooler, specific models based in population balance equations have been
developed in MATLAB® and connected with the Aspen Plus® model by means of intermediate
Excel® files. The DCI use-case is the representative case for the chemical industry, which consists
of a steam cracker plant and the corresponding utility plant. They have been separately modelled
using Aspen Plus® software. Both models have been adequately modelled and validated (details in
DLV 4.2) and have to be integrated in order to generate data for the surrogate model (in task 4.4).
As a third use-case, the Petrogal plant is the example of the Petrochemical sector. It is a complex
plant where the main energy-intensive process sections have been modelled in detail (crude
distillation unit and the utility section). In this case, in order to obtain a more reliable model in the
case of the crude distillation unit, Aspen Hysys® has been adopted as the simulation software,
whereas Aspen Plus® has been used for the utility section. Both models have to be linked by a list
of interaction variables, directly or by Excel intermediate files. By using KPI and KPA calculators,
the KPA and KRI values are generated from the models, and used as inputs to generate surrogate
models.
Surrogate models
Surrogates are constructed using data from detailed process models. They provide fast
approximations of the objectives and constraints, thereby making sensitivity and optimization
studies feasible, which can lead to accomplish WP4 objectives. The main advantage of the
surrogate model lies in its very low computational cost. In the TOP-REF project, the widely-used
Gaussian Process (Kriging) modelling technique is selected as the function structure to generate
the surrogate model. Results of the surrogate model of the fertilizer plant have been presented.
The final surrogate model of each use-case is used (i) for sensitivity analysis to identify the Critical
Process Parameters and (ii) for optimization purposes to identify the best alternative (task 4.4).
Cross sectorial application
A general review about the degree of implementation and the cross-sectorial potential of
modelling tools developed in TOP-REF is performed, including the cross-sectorial application
within SPIRE sectors and in the framework of the sectors included under the Industrial Emissions
Directive (IED, 2010/75/EU). In TOP-REF project, five modelling tools have been applied: chemical
process simulators with advanced kinetic models, steam network models, solid handling
simulations, multi-scale balance population models for solids in rotary drums and surrogate
modelling. These tools have been successfully coupled for the three different industrial sectors:
fertilizer, chemical and petro-chemical industries.
The applicability of the TOP-REF modelling methodology, due to their broad nature is very
promising. In the case of the chemical sector its application is straightforward. In the case of
industries involving solids handling its application is also direct but it would need more degree of
development.
The present deliverable is supporting the SPIRE Key Action 2.3 Process monitoring, control and
optimization by developing new methodologies in a holistic approach for better process
integration and optimization, support that is turn into reality by performing simulation methods
for the analysis, characterization and study of systems, material, equipment and processes, and
understanding and modelling multiphase phenomena (granulator modelling).
Within TOP-REF framework, five modelling tools have been mainly used:
1. Chemical process simulators with advanced kinetic models (CPS)
Approach to the best modelling technology
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Advanced Steam Network Modelling (ASNM)
Solid Handling Simulations (SHS)
Multi-scale Balance Population models in rotary drum for Solids (BPMS)
Surrogate Modelling (SM)

These tools have been successfully coupled for the three different industrial sectors: fertilizer,
chemical and petro-chemical industries. The table below presents a general overview about the
degree of implementation and the cross-sectorial potential application of these tools, including
SPIRE sectors. The industrial sectors have been classified under the IPPC Directive and the
Industrial Emissions Directive (IED, 2010/75/EU), according to the European Integrated Pollution
Prevention and Control (IPPC) Bureau (EIPPCB) classification. The Best available techniques
Reference documents (BREFs) [27] have been used as a reference for this cross-sectorial analysis.
Application of TOP-REF modelling tools to each specific industrial sector is explained next in a
dedicated justification for each sector covered in BREFs.
Table A2. TOP-REF modelling approach applicability to other sectors

Industrial sectors under the IPPC
Directive and the IED

SPIRE

Ceramic Manufacturing Industry
Common Waste Water and Waste
Gas
Treatment/
Management
Systems in the Chemical Sector

Y

Emissions from Storage

N

Energy Efficiency

Y

Ferrous Metals Processing Industry

Y

Food, Drink and Milk Industries

N

Industrial Cooling Systems

Y

Intensive Rearing of Poultry and Pigs

N

Iron and Steel Production

Y

Large Combustion Plants
Large Volume Inorganic Chemicals –
Ammonia, Acids and Fertilizers
Large Volume Inorganic Chemicals –
Solids and Others Industry
Large Volume Organic Chemical
Industry

N

Manufacture of Glass
Manufacture of Organic
Chemicals

N
Fine

Chemical
Process
Simulators

TOP-REF MODELLING APPROACH
Advanced
Steam
Solid
BPM
in
Network
Handling
Solids
Surrogate
Models
Simulations Processing models

Y

Y
Y
Y

Y

Non-ferrous Metals Industries
Production of Cement, Lime and
Magnesium Oxide

Y

Production of Chlor-alkali

Y

Production of Polymers

Y

Y
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Production of Pulp, Paper and Board
Production of Speciality Inorganic
Chemicals

N

Refining of Mineral Oil and Gas
Slaughterhouses and Animals Byproducts Industries

Y

Y

N

Smitheries and Foundries Industry
Surface Treatment Of Metals and
Plastics
Surface Treatment Using Organic
Solvents

Y

Tanning of Hides and Skins

N

Textile Industry

N

Waste Incineration

N

Waste Treatment

Y

Wood-based Panels Production

N

Color

Date: 08/02/2016

Y
Y

Key
Fully implemented
Great potential of implementation / partial implemented
Small potential of implementation
Not applicable
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INTRODUCTION
The present deliverable summarises the work performed under the task 4.3 named Cross-sectorial
modelling and simulation. The objectives of the task were the following:
• To determine the most suitable and efficient modelling methodology for each of the
processes, aiming at increasing energy and resource efficiency and able to detect KPACPPs relationships,
• To assure that the applied methodology is comparable and exportable to other industrial
sectors.
Therefore, inputs from WP2: Task 2.4 Synergies and common points between sectors, Task 2.3:
Definition of the Key Resource Indicators, and from WP3: Task 3.2 Process output constraints and
requirements (KPA definition) and Task 3.3 Development of the KPA of the processes (KPA
calculator) and Task 3.4 (Thermoeconomics) were necessary for defining and obtaining the Key
Process Parameters, KPAs, and the Key Resource Indicators, KRIs for each of the three industrial
sectors considered. Furthermore, results from activities performed within Task 4.1 (Software tools
and libraries) and Task 4.2 (Modelling and simulation of the processes) are the relevant inputs to
this task.
The methodology presented in this deliverable is general, and in order to assure that the applied
methodology is easily comparable and exportable to other sectors a cross-sectorial analysis has
been made within all sectors included within the Industrial Emissions Directive.
No changes from the DOW are made.
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1 OVERVIEW OF TOP-REF MODELLING METHODOLOGY
The aim of the TOP-REF project is to develop non-invasive tools, methods and indicators to
improve the energy and resource efficiency among different industrial sectors. The TOP-REF
overall approach is applied to three industrial use-cases of the fertilizer, the chemical and the
petrochemical industry. However, the developed tool is also applicable to other industrial sectors
as well. Figure 1 gives an overview of the TOP-REF approach. In a first step, the Key Resource
Indicators (KRIs) 2 were developed. A Key Resource Indicator is a variable that represents an index
for evaluating the resource efficiency of a process and/or the impacts associated with their
consumption. These parameters should be related to the consumption of natural resources (e.g.
water/raw materials/chemicals/fuels) of an industry sector. From results of the Task 2.3, a total of
five headline indicators were selected: four classical or conventional type (Material Efficiency,
Direct Primary Energy Consumption, Gross Water Use, Net Water Use), and a novel and
aggregated KRI based on exergy (a Resource Exergy Indicator) that will be used as the objective
function for the process optimization. These KRIs are universally applicable to industrial sectors or
plants. Additionally, a specific set of Key Performance Attributes 3 (KPAs) is defined for each plant
to ensure a proper investigation space in terms of product quality, operability, safety and
environmental issues.
Next to these indicators, process models of the different use cases were set up by using
commercially available process simulation software as Aspen Plus®, Aspen HYSYS®, and MATLAB®.
These process simulation models and the defined KRIs and KPAs form the basis for the TOP-REF
methodology approach.

Figure 1: Overview of the stages of TOP-REF approach in WP4

In a next step, the operating parameters of a process simulation model shall be optimized
towards the specified set of KRIs. Due to the large number of operating parameters that may
occur for real process plants, the most influencing operating parameters on the KRI objectives,
the Critical Process Parameters (CPPs), shall be identified by a global sensitivity analysis. Thereby,
the number of optimization variables can be limited to an applicable and practical number.
However, to perform a global sensitivity analysis a lot of simulation runs are needed. The number
lies in the range of 10,000 runs, depending on the number of operating parameters. Since the
needed simulation time for a large-scale process model run can take several minutes, it is not
2
3

The reader could find additional information in DLV 2.3
Additional information could be found in DLV 3.2 and 3.3
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possible to perform the global sensitivity analysis by using the detailed process simulation models.
Therefore, prior to the global sensitivity analysis, surrogate models are generated based on the
detailed process simulation models. These surrogate models are sampling-based approximations
of the detailed process simulation models which require less computational time for a model run.
This enables the application of the global sensitivity analysis. Thus, based on the detailed process
models, surrogate models are developed and used for global sensitivity analysis. The global
sensitivity analysis identifies the CPPs of all the operating parameters.
In a last step, this set of CPPs is used to optimize the surrogate models towards the previously
defined KRIs within the limiting KPA values (Figure 2):

Figure 2. Optimization approach in TOP-REF

The aim of any optimization task is to minimize or maximize an objective function given some
constraints. The methodology used to configure the optimization in TOP-REF has the following
steps (Figure 3):

Figure 3: Optimization framework in TOP-REF

1. Problem definition: define the set points, the objective and constraints.
2. Algorithm selection: depending on the optimization requirements multi or single
objective optimization will be selected.
3. Stopping criteria: most of optimization algorithms are not deterministic, therefore a
convenient stopping criteria is needed in order to have consistency in different executions
and consistency for different use cases.
4. Decision making: once the optimization algorithm is performed, post-processing is
necessary specially in multi objective problems. Two approaches will be developed, first
an automatic selection and second a selection depending on preferences provided by a
decision maker.
Approach to the best modelling technology
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The optimization module takes the output of the global sensitivity analysis and the surrogate
models. A group of CPPs are the set points for each use case problem definition. The problem is
defined by the objectives or KRIs provided by the surrogate models and constraints or KPAs for
each use case. Accordingly, the single and multi-objective problem is defined as:
• Single Objective: Resource Exergy indicator (materials, energy and water) [J/FU]
• Multi Objective:
• Material Efficiency [kg/FU]
• Direct Primary Energy Consumption [J/FU]
• Gross Water Use [m³/FU]
• Net Water Use [m³/FU]
The optimization approach is going to be materialized in a user friendly framework which will
provide all these functionalities. This will result in new operational point of the considered plant
with a better performance in terms of resource and energy efficiency.
As mentioned before, this approach will be applied to three different industrial use-cases in the
scope of the project, but it is generally applicable to any production plant.

2 MODELLING OF THE PROCESSES
As a first step within TOP-REF methodology tool development, three industrial base cases have
been modelled in detail. The modelling approach has been appropriately determined considering
previous work and constraints (mainly inputs from WP2 and WP3) and tasks (mainly 4.1 and 4.2).
Two different types have been adopted, from classical, more rigorous process models that are
used for modelling steam networks and the process sections of the petrochemical and chemical
plants to more sophisticated, hybrid data-driven models such as surrogate models.

2.1 Introduction
Attending to their underlying principles and data sources, there are three different types of
process modelling schemes:
• White box models: Rigorous models based on mass and energy balances with process rate
or kinetics equations. They give us a nearly exact image of the physical laws and
behaviour of the given real system. A complete knowledge of the way the system works is
needed.
• Black-box models: They are developed by measuring the inputs and outputs of the system
and fitting a linear or non-linear mathematical function to approximate the operation of
the system. In contrast, when data from experiments on the real system are used to build
the model, we are not given any insight or understanding of how the system works.
• Grey-box models: they are semi-empirical based or experimental adjusted models. Greybox models are developed by using the white box models whose parameters are
estimated by using the measured system inputs and outputs. Examples are neuro-fuzzy
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systems or semi-empirical models. In the TOP-REF approach a grey-box or semi-empirical
model of the fertilizer plant granulator has been built in Matlab®.

Figure 4. Process modelling schemes

Accurate, high-fidelity models (white-box) are typically time consuming and computationally
expensive. Furthermore, there is the need of knowledge and understanding of the impact (global
sensitivity) of the process parameters (PP) on the different objectives (KRI). In this context, the socalled surrogate-based approach for analysis and optimization can play a very valuable role. The
surrogates are constructed using data drawn from accurate models and provide fast
approximations of the objectives and constraints, thereby making sensitivity and optimization
studies feasible, which can lead to accomplish WP4 objectives. Surrogate model (also known as
meta model, response surface or emulator), refers to any relatively simple relationship between
parameters and response often based on limited data. Several types of surrogate models have
been developed, including the response surface (low order polynomials), radial basis function
(RBF), Kriging (or Gaussian Process), Multivariate Adaptive Regression Splines (MARS), Support
Vector Regression (SVR), High Dimensional Model Representation (HDMR) or the combination of
these surrogate models [3]. A review of some of these techniques can be found on DLV 4.1 and,
for instance, in [4], [5].

2.2 Process models
2.2.1 Fertilizer Process: Fertinagro Use-Case
The fertilizer granulation circuit presents a relative simple layout, however the operation of this
type of plants is difficult. There are two main reasons for this fact: first, the size of the products is
usually very restrictive, hence the ratio between the product recycled and the effective
production of 6:1, and second, the recurring surging and drifting of particles as well as long
residence times makes it difficult to perform a steady state control of the process.
Several variables affect the particle size distribution, which is the most critical parameter on the
process. The operational conditions on granulator impact the quality of product, as well as its
particle size distribution and material and energy consumptions. Furthermore, the incorrect
operation of auxiliary equipment may become a source of inefficiency that can reduce
significantly the performance of the process. The detailed model allows to define control and
operation strategies in the plant in order to reduce thermal and electrical consumptions, as well
as to decrease the recycle ratio. Moreover, this methodology can be easily extrapolated to other
similar plants.
Consequently, models and simulation tools must be able to:
Approach to the best modelling technology

14

Document: DLV 4.3 Approach to the best modelling methodology
Author: CIRCE
Reference: ID 604140 TOP-REF DLV 4.3

-

Version: 1
Date: 08/02/2016

Accurately predict the changes in the PSD in all the reactors,
Couple different physics in the granulation process,
Estimate the consumptions of energy and materials in the fertilizer loop,
Be sensitive to the changes in material properties and operating conditions.

Within the framework of the TOP-REF project an industrial fertilizer plant which produces 0.5 t/h
of NPK fertilizer has been modelled. This plant is owned by Fertinagro Nutrientes and is located in
Utrillas, Teruel (Spain). The fertilizer plant layout is outlined in Figure 5.

Figure 5: Fertilizer plant layout with mass flow outline

In order to model the whole plant, a two-level modelling strategy has been adopted:
1. Plant Modelling: By means of a commercial process simulator software (Aspen Plus® v 8.7
with SolidSIM embedded code) the overall plant has been simulated.
2. Reactor modelling: Due to limitations of process simulator code the granulator/dryer
reactor has been modelled in detail in MATLAB®. A mechanistic model based on
population balance models was developed and empirically adjusted.
The six main sections in the plant have been modelled with Aspen Plus® (Figure 6): mixer,
granulator, cooler, sieve, mill, and pneumatic transport. A local sensitivity analysis has been
carried out in order to evaluate the accuracy of the reactor models built on Aspen Plus®. The
behaviour of the process units (mill, mixer, sieve and pneumatic transport systems) has been
correctly simulated by default Aspen Plus® models. However, the Aspen Plus® models for rotary
drum reactors (in this case, the granulator and the cooler) are not accurate enough to capture the
behaviour of the real system. Therefore, specific models based in Population Balance equations
have been developed in MATLAB® and connected with the Aspen Plus® model by means of
intermediate Excel® files. These codes have been chosen, on the case of Aspen Plus®, due to its
wide use in chemical industry and, on the case of MATLAB®, due to its simple migration to other
programming languages. Both models have been coupled by means of Excel® files.
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Figure 6: Fertilizer plant layout in Aspen Plus

Finally, an extensive campaign of simulations with the global model has been carried out in order
to validate the quality and robustness of the model. The reader could find a more detailed
description of the Fertilizer plant model in DLV 4.1 and DLV 4.2.

2.2.2 Chemical Process: DCI Use-Case
2.2.2.1.

Steam cracker plant model

The DCI use-case is the representative case for the chemical industry and consists of a steam
cracker plant. A steam cracker is a complex plant that can be generally divided into a reaction and
separation part. In the reaction part, the feedstock (naphtha, propane and/or butane) is cracked
into smaller hydrocarbon molecules using high temperature and steam. The occurring reactions
are versatile and complex. Furthermore, due to the required heat for the endothermic reaction, a
lot of energy is needed in the cracking furnaces. This high temperature energy is used to generate
steam and use it for the energy supply of the overall plant. In the separation part, the generated
smaller hydrocarbons molecules are separated by a number of distillation columns, operating at
high and very low temperatures in a range from approximately 100°C to -150°C.
To cover these requirements, the process simulation software needs to be able to:
• Represent the complex reactions occurring in the cracking furnaces in an appropriate
way,
• Cover the large range of temperatures and pressures,
• Be predictive based on thermodynamics, to reliably explore new operational states,
• Well-known and applied in industry, to ensure a proper model validation and also
application after the project is ended.
Considering the above requirements, the dedicated and widely used process simulation software
Aspen Plus® is used to model the steam cracker plant. It provides predefined unit operation
models for heat exchangers, reactors, distillation columns and compressors, has a wellestablished thermodynamic property database and enables the integration of user-defined
reaction kinetics. Furthermore, it is possible to connect the developed process simulation model
to other software packages, such as MS Excel® or MATLAB® for further data processing and KRI
and KPA calculations.
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Figure 7 shows the overall simulation flowsheet of the DCI steam cracker plant, which can be
divided into different sections marked by the dotted boxes in the flowsheet.

Figure 7: Overall simulation flowsheet of the DCI steam cracker plant

From left to right, these are: Cracking Furnaces, Ethane Recycle Furnaces, the Transfer Line
Exchangers (TLEs) with the Steam Generation, the Primary Fractionation, followed by the
Compression and Separation section. A detailed description of the steam cracker process
simulation model can be found in DLV 4.2.

2.2.2.2.

Steam network model

A simulation model of the DCI utility plant located in Tarragona (Spain) has been built under TOPREF project. This model has been developed using the commercial software ASPEN PLUS® v8.6
due to its adequate characteristics to simulate the stationary processes involved in petrochemical
plants and steam handling processes.
DCI steam network model consists of a complex system in which steam is generated in a utility
plant and is distributed to 5 different pressure steam level collectors in order to provide the
chemical process with mechanical work, heat duty and steam.
The model is able to describe and predict the behaviour of the main components of the system.
The steam is generated taking advantage of two effects:
• The high temperature of the combustion exhaust gases at the outlet of both the cracking
furnaces and the boiler.
• The need to cool down the process raw gas produced in the cracking furnaces before the
compression and separation sections.
These high temperature streams are used to generate steam in the cracking furnaces TLE’s
(transfer line exchangers) and in the boiler. Normally it is necessary to provide some extra heat to
superheat the steam in the boilers. For that purpose, a mixture of hydrocarbons (mainly CH4 and
H2) produced in the petrochemical process and by-products is burned.
Figure 8 outlines the overall scheme of the steam distribution network in Aspen Plus. The steam is
sent to very high pressure (SHH) steam collector which feeds the large turbines driving the most
important compressors of the unit. Extractions from these turbines feed high and medium
pressure collectors (SH and SM) where minor turbines and other consumers are connected.
Finally, two lines of low and very low pressure steam (SL and SLL) transfer duty to process heat
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exchangers. All steam lines are equipped with pressure let-down valves and pressure relief valves
in order to manage a possible overpressure or lack of steam production in certain scenarios.

SHH line

SM line

SL line

SLL line

SH line

Figure 8: Overall simulation flowsheet of the DCI steam network plant

The model simulates the most relevant equipment of the plant: turbines, condensers, main
pumps, heat exchangers, flash processes, boilers and steam injections. It also takes into account
the condensate handling and the water make up necessary to close the mass balance. This model
is intended to be run in parallel with the process model that describes the distillation and
separation processes. The interactions between both systems have been identified and it allows
performing a physical link between them.
If the models are to be run separately it is necessary to define a list of interaction parameters
between them (energy needs from process plant to be satisfied by steam network). This list of
parameters will be generated by the process model and will be the input for the steam network
model.

2.2.3 Petro-Chemical Process: Petrogal Use-Case
2.2.3.1.

Crude distillation plant model

The Petrogal use-case is the representative case for the petrochemical industry and consists of a
part of a refinery, namely the crude distillation, including the crude preheating train and a further
fractionation of the distillation products. It is a complex process, with a complex distillation
column where many pumparound streams are withdrawn to preheat the crude.
In contrast to the steam cracker plant, the selected part of the refinery is separation driven and
no reactions are taking place. Special focus needs to be taken to represent the complex mixture of
hydrocarbons of the crude oil and the distillation products that cannot be described by singular
and well-defined components. Instead these petro-chemical substances are considered as being a
mixture of pseudo components that represent the typical composition of a certain crude or
refinery product, according to laboratory distillation curves.
These facts require the process simulation software to be able to:
- Represent the complex crude oil mixture in an appropriate manner;
- Fulfil the product specifications based on specific distillation test methods;
- Model the crude distillation column with all the side streams and pumparounds;
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Handle the high degree of heat integration between the pumparound and product
streams of the column and the preheating train;
Be predictive based on thermodynamics, in order to reliably explore new operational
states;
Well known and applied in industry, to ensure a proper model validation and also its
application after the project.

Considering all these requirements, the dedicated and widely used process simulation software
Aspen Plus® could be a promising possibility to model the crude distillation and fractionation unit
of the Petrogal refinery. This software provides predefined unit operation models for heat
exchangers and distillation columns and enables the use of pumparound and side product
streams from a distillation column while being supported by a well-established thermodynamic
property database. Aspen Plus® has also the possibility to define crude oil mixtures and to specify
product compositions based on standardized test procedures from the petrochemical industry.
However, after starting to integrate the preheating train and the distillation column in Aspen
Plus®, it turned out to be very problematic to model this part of the Petrogal refinery in Aspen
Plus®. Convergence problems of the crude distillation tower with the preheating trains could not
be solved and Aspen HYSYS® was investigated as a possible alternative.
Aspen HYSYS® belongs to the same product family of Aspen Tech®, but is more specialized to the
petrochemical industry. An analysis of the differences between Aspen Plus® and Aspen HYSYS®
pointed out why Aspen HYSYS is the more suitable software to model Petrogal crude distillation
and fractionation section. The most important advantages of Aspen HYSYS® are shortly described
below.
The Peng-Robinson (PR) property method of Aspen HYSYS® selected to model the refinery part is
an improved HYSYS PR property method. A substantial amount of effort was taken to improve this
property method, especially, on the estimation of the binary interaction parameters (BIP) [1]. The
modified PR-EOS in Aspen HYSYS® estimates the BIPs for crude pseudo components based on the
boiling points and densities. These estimated BIPs are essential as they give accurate predictions
of the phase equilibrium behaviour of the crude [2]. On the contrary, Aspen Plus® does not
provide BIP estimations for pseudo components when the PR-EOS is used. As a consequence, the
interactions between these pseudo components and other components are not taken into
account. Consequently, more accurate and reliable results are obtained from Aspen HYSYS® in
comparison with Aspen Plus®. This might be the one of the major reason for the non-convergence
of CDU simulation in Aspen Plus®.
Furthermore, the characterization of the crude oil has a great impact on the simulation results of
the crude tower and other refinery units. An improper characterization can result in an
undesirable behaviour of the distillation columns. To expect reliable simulation results that are in
agreement with the real plant data, a detailed crude assay input is desired. Aspen HYSYS® offers a
detailed crude assay definition compared to Aspen Plus®.
As it is further compared in Table 1, Aspen HYSYS® provides a greater number of crude assays
with more number of cuts. It also gives more freedom to input the types of distillation curves.
Thus, it can be deduced that a detailed crude assay characterization in Aspen HYSYS® will give a
more reasonable crude feed characterization compared to Aspen Plus®. Additionally, Aspen
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HYSYS® offers more models to simulate the crude distillation tower within a sub-flowsheet. All
these reasons lead to the conclusion that Aspen HYSYS® is more suitable to model the crude
distillation and fractionation unit of the Petrogal refinery.
Table 1. Comparison of crude assay information available in Aspen HYSYS® and Aspen Plus®
®

Simulation software
Total number of crude assay
4
available
Number of cuts
Distillation curve input type

Additional property curve

Density curve input type

5

®

Aspen HYSYS

Aspen Plus

822

194

20-22
TBP, ASTM D86, ASTM D1160,
ASTMD86-D1160, ASTM D2887,
chromatograph, EFV
Density, sulphur, kinematic viscosity,
Conradson carbon residue, metals
(nickel, vanadium), aromaticity,
paraffinicity, naphthenes content, RON
clear, Aniline point, smoke point, pour
point, cloud point, freeze point, total
nitrogen

6-10
TBP, ASTM D86, ASTM D1160,
ASTM D2887

End point and mid point based

Mid point based

Density, sulphur, aromaticity,
pour point, total nitrogen

Furthermore, it is possible to connect the developed process simulation model to other software
packages, such as MS Excel®, or MATLAB® for further data processing and KRI and KPA
calculations and an Aspen HYSYS® simulation file can be converted to PETROSIM®, which is the
process simulation software used by Petrogal. Figure 9 shows the overall simulation flowsheet
implemented in Aspen HYSYS®. The flowsheet can be divided into different sections, namely the
crude distillation tower (CDU), the preheating trains (PHT), followed by the fractionation columns.

Figure 9: Overall simulation flowsheet of the Petrogal process part, consisting of the crude distillation tower, the
preheating trains and the fractionation section

A detailed description of the crude distillation and fractionation process simulation model can be
found in DLV 4.2.

4
5

Number of crude assays available in the assay library in of both software products (V8.4)
Additional property curve available for the Bonny light crude
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Utility plant model

ASPEN PLUS® v8.6 is used to model Petrogal Steam Network. Figure 10 shows a scheme of the
overall utility plant simulation, in which generation units, steam distribution lines and the 3
different process plant consumers (OF-I, OF-II and OF-III) are indicated.

Steam HP 80.5 bar

Steam IP 24 bar

OF-I

Steam generation
OF-II
Steam MP 10.5 bar
OF-III

Steam LP 3.5 bar

Figure 10. Overall simulation flowsheet of the PETROGAL utility plant

The main systems included in the simulation model are listed below:
•

Steam generation:

•

High pressure (HP) Steam is produced in 2 generation systems:
• Cogeneration plants where electrical power is produced in Gas Turbines (GT1 and
GT2) and high pressure steam is produced in heat recovery boilers (BR1 and BR2).
The Fuel employed is Fuel Gas or Natural Gas.
• Boilers BF2 and BF4 in which High Pressure Steam is generated from Fuel Gas or
Natural Gas.
Utility Plant Steam network:
Petrogal steam network is composed of 4 main steam lines at different pressure levels:
• High pressure steam HP
• Intermediate pressure IP
• Medium pressure MP
• Low pressure LP

Additionally, IP* and LP* are auxiliary steam lines used to collect steam supplies from different
sources and adjust the pressure to IP and LP characteristics respectively by means of pressure
reduction stations.
Each pressure level steam line feeds components that supply the mechanical work (turbines) and
the thermal load (heat exchangers) required to fulfil the operational requirements of the
petrochemical processes. There are also steam injections to the process that imply a loss of steam
inventory that must be compensated with make-up water in order to balance the steam cycle.
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Plant steam distribution:
Sines refinery consists of 3 main plants: Crude atmospheric distillation (OF-I), vacuum distillation (OF-II) and
hydrocracker (OF-III). The utility plant model scope only simulates in detail plant OF-I. The other 2 plants are defined
as black boxes and are not included in the simulation. In

Figure 11 it is shown the general scheme of OF-I steam network.
Steam
24
consumption
Steam
24
generation

bar

Steam
10,5
generation

bar

Steam
10,5
consumption

bar

bar

Condensate
gathering

Steam
3,5
generation

bar

Steam
3,5
consumption

bar

Figure 11: Simulation flowsheet of OF-I steam network

Simulation Run:
The utility model is intended to run in parallel with the petrochemical process model. In a similar
way to the DCI case, the utility model follows the scenario defined by the process model in order
to provide the necessary steam, heat and work.
Nevertheless, in the Petrogal case, since the process model is programmed in ASPEN HYSYS® and
utility model is programed in ASPEN PLUS®, certain problems of compatibility that hinders the
merging of both models have been detected. Additionally, the high computational cost that
implies running both simulations coupled would reduce the efficiency of the model. In order to
avoid those problems, it has been decided to run the models separately. The interactions
between both models have been identified and the simulation run will be performed following 4
steps:
Step 1: Run process model simulations defining different operational scenarios.
Step 2: Export heat, work and steam requirements list (in excel format)
Step 3: Import the list and set up the utility model with the demanded requirements.
Step 4: Run the utility plant model

2.2.4 Models and Software Integration
The detailed modelling has two main scopes in TOP-REF framework. On one hand, the aim of all
detailed models is to provide additional information about the processes and to predict the
behaviour of the system. On the other hand, the outputs of these models are the inputs of
surrogate models.
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In the TOP-REF modelling methodology, the aim of the simulation and modelling work package
(WP4) is to optimize the resource efficiency (measured by the KRIs), by means of the actuation on
some critical process variables (CPPs), paying attention to maintain the process in its technical and
economic limits and ensuring the proper quality of the product (designed as the KPAs).
In order to obtain the relevant information to optimize the process and to discriminate the CPPs,
a Global Sensitivity Analysis (GSA) must be carried out. In this GSA, several thousand (or millions)
of simulations must be carried out. The detailed global models can be computationally intensive
(in some cases several minutes are necessary to run one simulation). Thus, the wall clock time
necessary to run the sensitivity analysis would be prohibitive.
For this reason, surrogate models are used. Surrogate modelling aims to provide a simpler, and
hence faster, model which emulates the specified output of a more complex model in function of
its inputs and parameters. Surrogate models allow evaluating design objectives and constraint
functions as function of design variables in a very fast and robust way. The main problem of this
kind of models is that it is necessary to “teach/train” them so they need many data in a specific
design space to be generated. This information can be provided from experimental/plant data or
from simulations. In TOP-REF, the data are generated from detailed models.
Therefore, in this project several hundred (or thousands) of simulations are run in a specific
design space. Thus a matrix of simulations has been generated, in a specific range for all the
significant Process Parameters (PP). With this PP list the simulations are carried out and the
output of the simulation (KRIs and KPAs) are the inputs to generate the surrogate model. By
means of this approach, the number of complete simulations that must be carried out to obtain
all the information required to perform GSA is strongly reduced. The general procedure is
depicted in Figure 12.

Figure 12. General procedure in TOP-REF from process models to obtain data for surrogate models
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In consequence, the approach to develop the detailed models has been adapted to each industrial
process. In the case of the fertilizer process (Figure 13), due to the limitations of the commercial
chemical process simulator (particularly with solid handling simulation) an ad hoc model of the
granulator had to be developed. Thus an Aspen Plus plant model was combined with a reactor
model built on MATLAB®, and the integration was done by means of MS Excel® datasheets.

Figure 13. Overview of the procedure for obtaining data for surrogate modelling. Fertilizer case

In the case of the chemical and petro-chemical plants (Figure 14) the processes were divided in
two blocks: Process Plant model and Utility Plant model. The process section includes all the
reactions and systems involved in the chemical process, whereas the utility plant mainly consists
in the simulation of steam networks of the plants. The integration between the process and utility
section is very difficult, thus they have been simulated independently and connected until global
convergence by means of excel intermediate files.

Figure 14.Overview of DCI and Petrogal modelling approaches

2.3 Surrogate models
Within the framework of TOP-REF project, the complexity of the plant detailed models developed
using MATLAB® and ASPEN® makes the sensitivity analysis and optimization algorithms very costly
in terms of computational time. In consequence, surrogate models have been built in order to
reduce the cost while capturing process behaviour. This section describes the rationale behind the
surrogate modelling.
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2.3.1 Surrogate construction framework
The models developed in the TOP-REF project for the 3 industrial use-cases are quite fine-grained.
The simulation tools developed in ASPEN® and MATLAB® describe in detail the components of the
process units and utilities to capture its behaviour. As a cost for this fine level of description,
simulations are time consuming. However, when aiming at optimizing the overall system, it is
necessary to explore many alternatives in the design space, to iteratively converge toward an
optimal solution. In order to save computation time, the strategy adopted in the TOP-REF project
is to replace the time consuming model by a time-efficient surrogate model.
Indeed, a surrogate model is designed to mimic the behaviour of the existing model within the
design space. Therefore, surrogate models are fast and efficient numerical tools that intend to
provide the same values of outputs than the existing model, from a given set of input parameters.
The building of a surrogate model is based on the analysis of some sample points (a point is a
couple of inputs and outputs). The main difficulty is to build the surrogate model with few points
in order to minimize the number of simulation runs of the existing model, while maximizing its
accuracy all over the design space – i.e. as close as possible of the existing simulation results.
The surrogate modelling methodology adopted in TOP-REF derives from literature [6]. From
discussion with experts (in this case, TOP-REF partners), the design space is previously defined as
the range of variations of every inputs. Those inputs are called process parameters (PP) and stand
for the degrees of freedom of the system one can act on. The framework exposed in ¡Error! No se
encuentra el origen de la referencia. describes the main steps of the surrogate modelling:
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Figure 15: Framework of Surrogate Modelling

1. A first amount of simulations is defined a priori since we have no knowledge of the model
response, and there are no strict rules in literature. As a heuristic help, a “correct” initial
amount of simulations should be higher than ten times the number of inputs. The upper
limit is often set regarding the computational time budget. Since the amount of
simulation points is known, one must define the values of inputs associated with each
alternative. One key idea here is to spread all the points over the design space in order to
capture as much information as possible.
2. The resulting list of points is randomly split in sample points (used to build the surrogate
model) and evaluation points (used for model testing). Based on literature review [7], it
was decided to set apart 25% of the simulation points for model testing.
3. All the simulations are performed and data are gathered. This step is time consuming
because of the complexity of the simulation and the computer performances. At the end
of this step, a dataset of inputs and its corresponding outputs is provided. In the TOP-REF
project, the inputs are called process parameters, while the outputs are of two types: KRI
and KPA.
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4. From the data collected, the idea is then to find a function that relates inputs to outputs.
This is the aim of any supervised learning technique. Whereas a huge number of functions
(e.g. hyperplanes) can be suitable for data fitting, one main difficulty of the surrogate
methodology is to select an appropriate modelling approach that sufficiently capture the
underlying behaviour of the system. Any appropriate functions should be robust and
generalize the global behaviour, in order to enable further sensitivity analysis or
optimization process. This is the reason why overfitting must be avoided.
Thus, the first step is to select the modelling approach. A wide variety of function
structures enable to generate valid surrogate models (e.g. Linear models, Radial Basis
Functions, Gaussian Processes, Decision trees, Artificial Neural Networks…). In the TOPREF project, the Gaussian Process modelling technique was selected. It is widely used for
engineering applications as it is flexible (tunable) and provides useful information of the
global behaviour of the system [8]. It also provides deep insight about the correlations
and uncertainties within the design space.
When the structure of the surrogate model is selected, the model must fit the data. Some
parameters inherent to the model structure are therefore estimated. Since the best
parameters of the model are found, the model is built.
5. When the model is built from the sample points, it is confronted to the evaluation points.
R-squared and/or RMSE indicators are used to evaluate the accuracy of the model. The
uncertainty level is also assessed thanks to the normalized root mean squared deviation
(NRMSD) indicator among a wide range of points all over the design space. If those
indicators are not satisfactory, it is advised to define new simulation points in appropriate
locations of the design space.

2.3.2 Defining the computer design of experiment
Since the amount of simulations is set, the points are astutely widespread all over the design
space using a Latin Hypercube Sampling routine combined with minimax distance criteria. An
existing Python library called pyDOE enable to generate a Latin Hypercube Sampling (LHS) [9]
from the knowledge of the number of points and the number of dimensions (inputs). The
advantage of LHS method is that it equilibrates the sampling between every dimensions. An
additional algorithm called “maximin”[10] is combined to LHS and tend to improve the space
filling (or coverage) [11].

2.3.3 Building the surrogate model
Since the Gaussian Process is selected, a priori, as a good model structure for TOP-REF
engineering applications, the remaining task is to correctly tune its parameters to best fit the
data. The Python library Sci-Kit Learn [12] has been used for this purpose. The sample points (75%
of total points) are used to estimate the best parameters of the surrogate model. To do that, the
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global score (R²) of the model is maximized. This work is performed for every KRI and KPA (Figure
16).
A final test is performed to ensure that the data are not overfit by the model. The cross-validation
technique splits the sample points in several data trains, fits it, and compares the various
prediction skills. It enables to assess how dependent to data the model is, or conversely, how
robust the model is.

Figure 16 Fitting of sample points of every KRI with a Gaussian Process
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When finalized, the resulting numerical object contains both the structure and parameters of the
model. This object will be later used by CoSMo for the global sensitivity analysis task and by
Tecnalia for optimization purposes (task 4.4).

2.3.4 Evaluation of the model quality
The model quality is evaluated regarding two aspects: the accuracy and the uncertainty. The first
assessment of the model quality arises from the comparison between the surrogate model
predictions and simulation results. Two indicators are computed: RMSE and R² (Figure 17).

Figure 17. Model evaluation. Calculation of RMSE and R² from evaluation points (25% of total points)
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The screening of the design space allows to locate where the zones with higher uncertainty are.
To do that, a high number of screening points are generated with a LHS combined to a maximin
technique (basically 4500 random points). These points are evaluated with the Gaussian Process
model built so far. The uncertainty of any surrogate model output from a Gaussian Process is
assessed by a specific mean squared error indicator. Therefore, it is possible to compute the
predicted error 𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 of any point of the design space. The points used to build the model were
interpolated, therefore their 𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 = 0. In the current study, the predicted error allows to
compute an uncertainty criterion in order to evaluate the surrogate model quality (Figure 18).

Figure 18 Screening of uncertainty all over the design space (4500 points)

The criterion used for uncertainty assessment in Figure 18 is the Normalized Root Mean Square
Deviation (NRMSD):
𝑁𝑁𝑁𝑁𝑀𝑀𝑀𝑀𝑁𝑁(𝐾𝐾𝑁𝑁𝐾𝐾) =

�𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 (𝐾𝐾𝐾𝐾𝐾𝐾)
×
∆𝑀𝑀𝑀𝑀𝑀𝑀 𝐾𝐾𝐾𝐾𝐾𝐾

�𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 (𝐾𝐾𝐾𝐾𝐾𝐾)
×
𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐾𝐾𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 |

100 = |𝐾𝐾𝐾𝐾𝐾𝐾

100

Equation 1

The rationale behind the NRMSD is as follows: let us consider a KRI varying from 150 to 250 in the
whole design space. A predicted point with an uncertainty criteria of 𝑁𝑁𝑁𝑁𝑀𝑀𝑀𝑀𝑁𝑁 = 5% means that
the likely error of the predicted value (from the surrogate) is ±5% of the whole variation of the
KRI. In other terms, if the predicted value was 175, the standard deviation associated is
|𝐾𝐾𝑁𝑁𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐾𝐾𝑁𝑁𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 | × 5% = (250 − 150) × 5% = 5. Then the predicted value is 175 ± 5.
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2.3.5 Adding new simulation points
From the screening of the design space, it is possible to analyse only the points with higher
uncertainty. To locate such points, we define a High Uncertainty criterion:
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤ℎ𝑇𝑇𝑝𝑝 𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 > 2 × mean(𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 ) − min(𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺 )
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇 𝑇𝑇𝑝𝑝𝑝𝑝ℎ𝑇𝑇𝑇𝑇

𝐻𝐻𝐻𝐻 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = �

Equation 2

Figure 19: Occurrences of high uncertainties as a function of each input dimension X

In Figure 19, a bar plot counts the occurrences of the most uncertain points as a function of each
dimension value. From this figure, we are able to locate where to add new simulation points if we
want to reduce the uncertainty of the model (here at the edges of the design space).

2.3.6 From a surrogate model to an improved solution
When the surrogate model is satisficing enough in terms of accuracy and uncertainty, it is
believed to capture consistently the global behaviour of our case study. The next step is to
explore the design space (i.e the range of variations of the process parameters) in order to find a
better alternative which minimizes the Key Resource Indicators. As mentioned above, the main
advantage of the surrogate model lies in its very low computational cost. The design space
exploration is then faster and easier to perform. In the TOP-REF project, the final surrogate model
of each use-case is later used (i) for sensitivity analysis to identify the Critical Process Parameters
and (ii) for optimization purposes to identify the best alternative. Thus, the final surrogate model
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is built as a simple numerical object from a Python Library called Sci-Kit Learn, and used by the
various partners for sensitivity analysis and optimization tasks (task 4.4).

3 CROSS-SECTORIAL

APPLICATION

OF

THE

MODELLING

METHODOLOGY
As TOP-REF methodology approach is general, it could be applied to any industrial sector.
However, in the next section different simulation and mathematical software packages for
process modelling are reviewed and compared to evaluate which tools and in which sectors the
methodology could be directly applied or if more development would be needed to be
implemented.

3.1 Minimum requirements and limitations of software packages
for process simulation
Nowadays, new design and improvement of industrial processes usually relies on the use of
simulation software packages. Basically, there are two types of software that are used for
chemical process modelling: flowsheet-oriented and mathematical-oriented. The flowsheetoriented is the common used one in the chemical industry sector.
Table A1 (see annex A.1) shows a comparative review of the process simulation software
applications most widely used by the process industries and academia. They are based on wellknown and proved models of common process units (e.g. pumps, flashes, heat exchangers..) that
can be easily interlinked by connections using a Graphical User Interface. Extensive physical
property databases and thermodynamic libraries of a large number of chemical compounds are
included. In the majority of the reviewed software packages, user-added modules and
thermodynamic routines can be created and used. They use mathematical routines (convergence
algorithms) for solving mass and energy balances as well as equilibrium equations. Simulation
softwares are still dominated by the sequential-modular architecture to reach to flowsheet
convergence, although packages such as gPROMs and Aspen Custom Modeler use an equationoriented approach, which could more adequately model dynamic systems. A limited number of
systems can offer both steady-state and dynamic flowsheet simulators. Thus, generalisation of
the dynamic simulation is the next challenge.
In TOP-REF project, ASPEN ONE® (nowadays including Aspen Plus & Aspen Hysys) has been
adopted as the modelling software for the three use cases. However, as the TOP-REF
methodology is globally oriented, its cross-sectorial application is straightforward, and in theory,
every type of modelling software available in every industrial plant could be used.
Nevertheless, it would be desirable that the software selected for a certain application could have
minimum interface standards and the possibility of interaction with other programs, such as Excel
or Matlab®, that are more general oriented. In recent years, the majority of these software
platforms have included these connection capabilities including CAPE-OPEN standards [12], for
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example. The integration of simulation tools is necessary to cope with the variety of needs in
process engineering.
Another advisable characteristic from the process software would be to permit solids processing
modelling. Despite being present in many industrial processes (e.g. cement, ceramics, minerals
and ores) only 3 of the reviewed softwares (Aspen, gProms and Sim-Sci) include solids processing
modelling capabilities. From the review of commercial softwares, it has been detected that the
majority of packages are related to the chemical process industry and petrochemical only. Other
sectors included in SPIRE such as cement, ceramic, mineral and ores, non-ferrous metals and steel
are less represented here. For these sectors, a lesser amount of dedicated softwares has been
found.
In addition, the main drawback of the aforementioned softwares is that their professional
versions are frequently very expensive and the number of licenses is limited. COCO (Cape Open to
Cape Open) [14] is a free CAPE-OPEN steady state simulation environment that enables simulation
of chemical processes and could be an interesting alternative to other such as Aspen® or
ChemCad®, for instance. CAPE-OPEN standard is open, free and multiplatform.
In case there is a need to model in detail some part of the plant, mathematical-oriented softwares
could be more appropriate. In that case, there are several numerical computational packages
available. Matlab® is the most widely used, but freely downloadable packages could be an
interesting alternative, such as GNU Octave, FreeMat, Scilab or Spyder (see Annex A.1 for a more
detailed description of each platform).

3.2 Applicability to other sectors
Within TOP-REF framework, five modelling tools have been mainly used:
1. Chemical process simulators with advanced kinetic models (CPS)
2. Advanced Steam Network Modelling (ASNM)
3. Solid Handling Simulations (SHS)
4. Multi-scale Balance Population models in rotary drum for Solids (BPMS)
5. Surrogate Modelling (SM)
These tools have been successfully coupled for the three different industrial sectors: fertilizer,
chemical and petro-chemical industries. The potential of some of these tools in these sectors has
been proved for decades. For example, chemical process simulation softwares were obviously
created as support of the chemical process industry, and its use and development focuses a great
part of the efforts on chemical industry. However, the application of these tools in other sectors is
a novelty and it could be a very important development and penetration opportunity in some
industrial sectors.
Table 2 presents a general overview about the degree of implementation and the cross-sectorial
potential of these tools, including cross sectorial application within SPIRE sectors.
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Table 2. TOP-REF modelling approach applicability to other sectors.
Fully applied

Great potential/partially implemented

Chemical
Industrial sectors under the IPPC
Process
Directive and the IED
SPIRE Simulators
Ceramic Manufacturing Industry
Common Waste Water and Waste Gas
Treatment/ Manag. Systems in the
Chemical Sector

Y

Emissions from Storage

N

Energy Efficiency

Y

Ferrous Metals Processing Industry

Y

Food, Drink and Milk Industries

N

Industrial Cooling Systems

Y

Intensive Rearing of Poultry and Pigs

N

Not applicable

TOP-REF MODELLING APPROACH
Advanced
Steam
Solid
BPM
in
Solids
Surrogate
Network
Handling
Models
Simulations Processing models

Y

Iron and Steel Production

Y

Large Combustion Plants
Large Volume Inorganic Chemicals –
Ammonia, Acids and Fertilizers
Large Volume Inorganic Chemicals –
Solids and Others Industry
Large Volume Organic Chemical
Industry

N

Manufacture of Glass

N

Manufacture of Organic Fine Chemicals

Y

Non-ferrous Metals Industries
Production of Cement, Lime and
Magnesium Oxide

Y

Production of Chlor-alkali

Y

Production of Polymers

Y

Production of Pulp, Paper and Board
Production of Speciality Inorganic
Chemicals

N

Refining of Mineral Oil and Gas
Slaughterhouses and Animals
products Industries

Y
By-

Small potential

Y
Y
Y

Y

Y

N

Smitheries and Foundries Industry
Surface Treatment Of Metals and
Plastics
Surface Treatment Using Organic
Solvents

Y

Tanning of Hides and Skins

N

Textile Industry

N

Waste Incineration

N

Waste Treatment

Y

Wood-based Panels Production

N

Y
Y

Approach to the best modelling technology

34

Document: DLV 4.3 Approach to the best modelling methodology
Author: CIRCE
Reference: ID 604140 TOP-REF DLV 4.3

Version: 1
Date: 08/02/2016

The industrial sectors that are covered have been classified under the Industrial Emissions
Directive (IED, 2010/75/EU), according to the European Integrated Pollution Prevention and
Control Bureau (EIPPCB) classification. The Best available techniques Reference documents
(BREFs) [27] have been used as a reference for this cross-sectorial analysis. Application of TOP-REF
modelling tools to each specific industrial sector is explained in the Annex A2 in a dedicated
justification for each sector covered in BREFs.
In summary, the five modelling tools used and/or developed in TOP-REF project are in line with
the proposal of EU about Energy Efficiency. Particularly, chemical process simulators with
advanced kinetic models (CPS), although extensively used in chemical industry, present a very
promising potential application in other industries where chemicals are not the products, but
chemistry is involved, such as metals or textiles industries. In a similar way, advanced steam
network modelling (ASNM) tools can be used in all industries were cooling water systems are
used as foundries or food industries, additionally to chemical industry or power plants. Moreover,
linking the advances in steam network modelling with chemical process simulators, important
improvements can be applied to chemical industries based on batch processes (as fine chemicals)
or with important water treatments (Chlor-alkali). Applications of solid handling simulations (SHS)
are relatively new in industry, at least using generalist softwares (instead of ad-hoc codes). Thus
the implementation potential is huge in all industries which include solids handling and
processing. Furthermore, as there are no dynamic commercial softwares for solids handling, the
research potential is enormous [28]. Multi-scale balance population models in rotary drums for
solids (BPMS) have been used in some chemical processes with granular products
(pharmaceutical, fertilizer, detergents, etc.), however its use is not widely accepted in industry
and several applications have been found, from water treatment to industries were rotary drums
are involved. Finally, surrogate modelling (SM) potential is very high for all industrial sectors,
especially for monitoring and control applications. However, the implementation at industrial
scale is in its infancy. Hence, TOP-REF project is an excellent framework to test the application of
these techniques to real complex industrial systems, despite of its classical applications.

4 IMPACT OVER SPIRE ROADMAP AND INDUSTRIAL PERFORMANCE
SPIRE comprises important industrial sectors in Europe such as water, cement, ceramics,
chemicals, engineering, minerals and ores, non-ferrous metals, steel and water.
The methodology proposed in TOP-REF and described in the present deliverable is focused on
detecting the Critical Process Parameters (CPPs) having the main impact on the resource
efficiency, by modelling and simulation of the processes. Table 3 shows the potential applications
(highlighted in orange) of the modelling methodologies developed in TOP-REF WP4 to the SPIRE
sectors. More than 60% of the industry sectors covered by IPPC directive belong to SPIRE,
obviously as they are very high intensive process industries. From the review of commercial
softwares, it has been detected that the majority of packages are mainly related to the chemical
process industry and petrochemical. However, there are other sectors included in SPIRE such as
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cement, ceramic, mineral and ores, non-ferrous metals and steel. For these sectors, a lesser
amount of dedicated softwares has been found. The developments achieved in TOP-REF project
regarding simulations (such as those that involve solids handling and processing) will be relevant
to the improvement of the energy and resource efficiency of the processes.
The present deliverable is supporting the SPIRE Key Action 2.3 Process monitoring, control and
optimization by developing new methodologies in a holistic approach for better process
integration and optimization, support that is turn into reality by performing simulation methods
for the analysis, characterization and study of systems, material, equipment and processes, and
understanding and modelling multiphase phenomena (granulator modelling).

5 CONCLUSIONS
In the present report, the global TOP-REF modelling methodology has been explained and their
cross-sectorial applications have been highlighted. Industrial plant process characterization has
been achieved by modelling and simulation, with the objective of identifying a set of critical
process parameters in order to increase the resource efficiency of the processes. The complexity
of the plant detailed models makes the subsequent steps, i.e. the global sensitivity analysis and
optimization algorithms very costly in terms of computational time. In consequence, surrogate
models have been built in order to reduce the cost while capturing the process behaviour.
Surrogate model construction has been explained using results for the Fertilizer plant as an
example. In the TOP-REF project, the final surrogate model is used for the sensitivity analysis and
optimization activities ( included in task 4.4).
The applicability of the TOP-REF modelling methodology, due to its broad nature, is very
promising. In the case of the vast chemical and petrochemical sectors its application is
straightforward, since there are sufficiently accurate simulation softwares able to predict process
behaviour. Nevertheless, in the case of other industries included in SPIRE such as cement,
ceramic, minerals and steel, and those involving solids handling, more degree of development
would be needed to be fully applied. For those sectors, there is a lesser amount of solids-handling
dedicated modelling softwares. In addition, it would be interesting, in order to build global and
integrated models of process industries to promote CAPE-OPEN standards in order to take
advantage of the capabilities of the different simulation software packages.
Finally, the results from task 4.3 will be used as starting point to the activities in tasks 4.4
(Characterization of the Critical Process parameters and variables) and 4.5 (Identification and
definition of monitoring and control variables). In addition, the cross-sectorial analysis that has
started here will be completed during WP7 (Validation and replicability). Its activities shall start on
month 30 and finish at the end of the project.
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ANNEXES
A.1. Software packages for process simulation
Table A1 shows a comparative review of the process simulation software applications most widely
used by the process industries and academia.
COCO (Cape Open to Cape Open) [14] is a free CAPE-Open steady state simulation environment
that enables simulation of chemical processes and could be an interesting alternative to other
such as Aspen or ChemCad, for instance. CAPE-OPEN standard is open, free and multiplatform.
COCO comprises four main components: 1) Cape-open flowsheet environment (COFE), a graphical
user interface, (2) Thermodynamics for engineering applications (TEA), including a database with
over 430 chemicals and more than 100 property calculation methods (3) COUSCOUS, that is a
package of simple unit operations, such as compressors, heat exchangers, reactors, etc; (4) CAPEOPEN reaction numeric (CORN), which is a package enclosed to specify kinetic or equilibrium
reactions.
In case there is a need to model in detail some part of the plant, mathematical-oriented softwares
could be more appropriate. In that case, there are several numerical computational packages
available. Matlab® is the most widely used, but freely downloadable packages could be an
important alternative, such as GNU Octave, FreeMat and Scilab.
MATLAB® ([15]) is a high-level language and interactive environment that enables to perform
computationally intensive tasks. The main features of Matlab include high-level language; 2-D/3-D
graphics; mathematical functions for various fields; interactive tools for iterative exploration,
design, and problem solving; as well as functions for integrating MATLAB-based algorithms with
external applications and languages. In addition, Matlab performs the numerical linear algebra
computations using Basic Linear Algebra Subroutines (BLAS) and Linear Algebra Package (LAPACK).
An additional package, Simulink, adds graphical multi-domain simulation and model-based design
for dynamic and embedded systems.
GNU Octave ([16]) is free software and a high-level language, primarily intended for numerical
computations. Similar to Matlab, GNU Octave also uses the LAPACK and BLAS libraries. The syntax
of Octave is very similar to Matlab, which allows Matlab users to easily begin adapting the
package. Octave is available to download on different operating systems like Windows, Mac OS,
and Linux. As a drawback, the graphical user interface and plotting capabilities are
FreeMat ([17]) is a numerical computational package designed to be compatible with other
commercial packages such as Matlab and Octave. The supported operating systems for FreeMat
include Windows, Linux, and Mac OS X. Some of features for FreeMat include eigenvalue and
singular value decompositions, 2D/3D plotting, parallel processing with MPI, handle-based
graphics, function pointers, etc.
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Scilab ([18]) is an open source, cross-platform numerical computational package as well as a highlevel, numerically oriented programming language. The syntax is largely based on Matlab
language. The main features of Scilab include hundreds of mathematical functions; high-level
programming language; 2-D/3-D visualization; numerical computation; data analysis; and
interface with Fortran, C, C++, and Java. Scilab is fully compatible with Linux, Mac OS, and
Windows platforms. Like Octave, the source code is available for usage as well as for editing.
Scilab uses the two numerical libraries, LAPACK and BLAS. As a drawback, the syntax and built-in
Scilab functions may not entirely agree with Matlab.
Finally, other alternative to Matlab is Spyder, and open-source software based on Python
programming language ([19]).
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Table A1. Common software tools used in chemical industry and their main features
Simulation software and
proprietary
ASPEN ONE

Graphical
User
Interface

Chemical
component
database

Thermodynamic
properties data
library

Unit operations

User-added
Modules








Solids processing
(UniSim)



- FORTRAN
- EXCEL®
- MATLAB®

[20]

UNISIM Design Suite

Software
interfaces

- CAPE-OPEN

- Aspen Plus+Aspen Hysys
- Thermal Pinch analysis
(HENs)
- Optimization
- Steady/Dynamic models
- Batch/Continuous
- Cost evaluation
- Solids processing (UniSim)

-

Hydrocarbons
Chemicals & Polymers,
Pharmaceuticals,
Power,
Minerals,
Metals,
Mining

-

Oil and gas production,
Gas processing
Petroleum
Refining
Chemical industries.









- EXCEL
- VBA
- CAPE-OPEN

-











- VBA
- CAPE-OPEN

- Steady state and
optimization
- Thermal pinch (Excel)
- Batch reactors
- Utilities management and
power plant optimization
(ARIANE)

- Refining and petrochemicals
- Gas, Nuclear
- Fine/ specialty/bio-based
chemicals
- Power generation
- Wastes and effluents
treatment
- Fertilizers










In Excel

- EXCEL
- CAPE-OPEN,
- HRTI (HXs
software)

- Energy & Utilities
(ProSteam)
- Data reconciliation
- Water pinch

- Petrochemicals, refining

[22]

Petro-SIM

Industrial applications



[21]

PROSIM Plus

Relevant modelling
capabilities

[23]

Approach to the best modelling technology

Steady/dynamic
Thermal Pinch analysis
Module coupling interface
Optimization
Operation training simulator
Easy migration from Aspen
HYSYS

41

Document: DLV 4.3 Approach to the best modelling methodology
Author: CIRCE

Version: 1

Reference: ID 604140 TOP-REF DLV 4.3

SimSci Pro/II

Date: 08/02/2016








Solids processing
















Solids processing

[24]

ChemCAD

- EXCEL
- CAPE-OPEN

-


in C++

-

OPC
VBA
EXCEL
C++
CAPE-OPEN

- Steady & dynamic models
- Optimization
- Continuous, Batch, Semibatch processes

- Refining, Commodity
Chemicals,
- Fine and Specialty Chemicals,
- Pharmaceuticals,
- Process Equipment
Manufacturing



-

CAPE-OPEN
MATLAB
Excel
ANSYS-FLUENT

- Steady/Dynamic process
models
- Optimization
- Batch/Continuous
- Multiscale modelling
- Process empirical
parameters from
experimental/laboratory
- Scale-up using hybrid
modelling technologies

- Chemicals & Petrochemicals,
Oil and gas,
- Power & Carbon Capture Seq.,
- Agrochemicals,
- Waste water treatment,
- Life sciences
- Food


In Visual
basic
Fortran, C++

[25]

gPROMS (PSE)

[26]
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A.2 Cross-sectorial application
Within TOP-REF framework, five modelling tools have been mainly used:
6. Chemical process simulators with advanced kinetic models (CPS)
7. Advanced Steam Network Modelling (ASNM)
8. Solid Handling Simulations (SHS)
9. Multi-scale Balance Population models in rotary drum for Solids (BPMS)
10. Surrogate Modelling (SM)
These tools have been successfully coupled for the three different industrial sectors: fertilizer,
chemical and petro-chemical industries. The potential of some of these tools in these sectors has
been proved for decades. For example, chemical process software was obviously created as
support of the chemical process industry, and its use and development focuses a great part of the
efforts on chemical industry. However, the application of these tools in other sectors is a novelty
and it could be a very important development and penetration opportunity in some industrial
sectors.
Table 2 A2 presents a general overview about the degree of implementation and the crosssectorial potential application of these tools, including SPIRE sectors. The industrial sectors have
been classified under the IPPC Directive and the Industrial Emissions Directive (IED, 2010/75/EU),
according to the European Integrated Pollution Prevention and Control (IPPC) Bureau (EIPPCB)
classification. The Best available techniques Reference documents (BREFs) [27] have been used as
a reference for this cross-sectorial analysis. Application of TOP-REF modelling tools to each
specific industrial sector is explained next in a dedicated justification for each sector covered in
BREFs.
Table A2. TOP-REF modelling approach applicability to other sectors

Industrial sectors under the IPPC
Directive and the IED

SPIRE

Ceramic Manufacturing Industry
Common Waste Water and Waste
Gas
Treatment/
Management
Systems in the Chemical Sector

Y

Emissions from Storage

N

Energy Efficiency

Y

Ferrous Metals Processing Industry

Y

Food, Drink and Milk Industries

N

Industrial Cooling Systems

Y

Intensive Rearing of Poultry and Pigs

N

Iron and Steel Production

Y

Large Combustion Plants

N

Y

Chemical
Process
Simulators

TOP-REF MODELLING APPROACH
Advanced
Steam
Solid
BPM
in
Network
Handling
Solids
Surrogate
Models
Simulations Processing models
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Large Volume Inorganic Chemicals –
Ammonia, Acids and Fertilizers
Large Volume Inorganic Chemicals –
Solids and Others Industry
Large Volume Organic Chemical
Industry
Manufacture of Glass
Manufacture of Organic
Chemicals

Y
Y
Y
N

Fine

Y

Non-ferrous Metals Industries
Production of Cement, Lime and
Magnesium Oxide

Y

Production of Chlor-alkali

Y

Production of Polymers

Y

Production of Pulp, Paper and Board
Production of Speciality Inorganic
Chemicals

N

Refining of Mineral Oil and Gas
Slaughterhouses and Animals Byproducts Industries

Y

Y

Y

N

Smitheries and Foundries Industry
Surface Treatment Of Metals and
Plastics
Surface Treatment Using Organic
Solvents

Y

Tanning of Hides and Skins

N

Textile Industry

N

Waste Incineration

N

Waste Treatment

Y

Wood-based Panels Production

N

Color

Date: 08/02/2016

Y
Y

Key
Fully implemented
Great potential of implementation / partial implemented
Small potential of implementation
Not applicable

•

•

Large Combustion Plants: Chemical processes involved in large combustion plants are
few (mainly fuel combustion and gas cleaning) thus the use of CPS is limited. However,
the control of steam networks is very important and several SM are used for control
purposes. SHS is useful in the solid fuel plants for milling and gas cleaning purposes.
Small interest for BPMS.
Iron and Steel Production: This sector includes a vast variety of technologies and
processes: sinter plants, pelletisation, coke ovens, blast furnaces, basic oxygen
steelmaking and casting, electric arc steelmaking and casting. In most of the cases the
use of SHS is not extensive, thereby a high potential development line is observed. In the
pelletisation plants the use of BPM can be implemented. Due to the complexity of the
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systems involved and the high degree of integration between processes, the use of CPS
and surrogate model could be very useful for control purposes.
Non-ferrous Metals Industries: The quantity of processes and materials involved in this
sector is enormous. However, from a general point of view the plants are smaller than in
iron and steel sector. Thus the use of ad hoc models is widespread, but not the use of
CPS. Solid simulators and BPM should be very useful in preparation furnaces: drying,
roasting, sintering and calcining.
Production of Cement, Lime and Magnesium Oxide: CPS use on these cases is very
limited, mainly because they are process in which solids are present. Combustion and
electrochemical reactions (in MgO) are mainly involved this sector. Thus CPS can be used
for heat and material recovery systems. SHS and BPM can be used to model rotary
drums.
Manufacture of Glass. The main component involved in glass manufacture is the melting
furnace. This system is very difficult to model with CPS, but usually combustion air is
enriched with oxygen. Thus CPS should be used for integration improvements in design
and heat and material recovery. SHS should be interesting for the preparation of raw
materials.
Ceramic Manufacturing Industry (bricks and roof tiles, vitrified clay pipes, refractory
products, expanded clay aggregates, wall and floor tiles, household ceramics, sanitary
ware, technical ceramics, inorganic bonded abrasives). Several high temperature
processes are involved in ceramic industries. Thus SHS is a very promising technique to
evaluate and apply measurements for resource and energy efficiency. In the case of
multi-scale processes that involve clay, BPM should be implemented at product quality
scale.
Large Volume Organic Chemical Industry: This sector is represented in TOP-REF by Dow
Chemical Ibérica, but also includes the production of other intermediate chemicals as
lower olefins by the cracking process, aromatics (BTX); oxygenated, nitrogenated,
halogenated compounds, sulphur and phosphorus compounds, and organo-metallic
compounds. CPS and ASNM are used (and mainly developed) for this sector, so they are
fully applicable. And SM are currently under study due to the complexity of these
systems. Solids are involved in heterogeneous catalytic processes and gas cleaning.
Hence SHS and BPM use are very limited.
Manufacture of Organic Fine Chemicals: focuses on the batch manufacture of organic
chemicals in multipurpose plants and addresses the manufacture of a wide range of
organic chemicals. The main energy sources are steam and electricity, thus there is an
interest in the development of ASNM. BPMS were initially implemented for this kind of
industries (in agglomeration, flocculation and crystallization processes), but not for
solids. Finally, specific CPS (like INOSIM Software) have been generated for batch
processes.
Production of Chlor-alkali: Electrolysis of brines is the main process involved in the
production of chlorine and caustic solutions. Hydrogen is the main by-product in this
process. Thus CPS are fully developed in this industry, and solids solutions are presented
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in the process (but no SHS that can be used by the salts handling). Water management is
particularly crucial in this industry.
Large Volume Inorganic Chemicals – Ammonia, Acids and Fertilizers. This sector is
represented in TOP-REF by Fertinagro Nutrientes. A large variety of processes are
included in this sector, including gas, solids and liquids materials at very different
temperatures (from cryogenic to high temperature) and pressure. Thus all the advances
in modelling done in TOP-REF in this sector are implemented or under development.
Large Volume Inorganic Chemicals – Solids and Others Industry: mainly soda ash,
titanium dioxide, carbon black, synthetic amorphous silica, inorganic phosphates, and
specialties (zeolites, silicon carbide, etc.). These industries involve both CPS and SHS. Due
to the variety of processes, the ASNM should be applied in some industries (but not
generally). And BPM are implemented in ad hoc models. Typically, these industries
include several complex processes, thus SM should be very useful.
Production of Speciality Inorganic Chemicals: the main six families involved are specialty
inorganic pigments, silicones, phosphorus compounds (PCl3, POCl3, PCl5), inorganic
explosives, cyanides, and soluble inorganic salts of nickel. All these industries are
relatively small and the raw materials are produced in LVIC industries. The process
should be in batch, and usually are intensive in solid handling processes. Thus SHS and
BPM present a big potential. And CPS are fully implemented in some sectors. By size
reasons the ASNM are not considered.
Intensive Rearing of Poultry and Pigs: Modelling tools developed in TOP-REF are out of
the scope of this industrial sector. The use of CPS could be interesting maybe in the
design of manure treatment plants.
Surface Treatment Using Organic Solvents: include the installations for the surface
treatment of substances, objects or products using organic solvents, in particular for
dressing, printing, coating, degreasing, waterproofing, sizing, painting, cleaning or
impregnating. Some of the processes (mainly coating in rotary drums) can be modelled
according to the SHS and BPM models developed in the project. The other modelling
tools are out the scope of this sector.
Energy Efficiency: This reference document is not related to any specific industrial
sector. The BAT provides generic guidance on how to approach, assess, implement and
deal with energy efficiency related issues along with corresponding permit and
supervising procedures. TOP-REF framework is directly linked with this BREF
(optimisation and management of utilities using models, resource efficiency,
development of indicators, enthalpy and exergy analysis, and thermoeconomics).
Particularly, TOP-REF modelling tools can support some of the methodologies proposed
in this document. Energy efficient design, increased process integration, effective control
of processes can be based in CPS and if solids are involved SHS. For Pinch methodology
applications the ASNM tool is strongly recommended.
Refining of Mineral Oil and Gas: This sector is represented in TOP-REF by Petrogal. In
this sector all industries related to crude oil refining, biofuels and natural gas are
included. Some of the techniques developed in TOP-REF are directly applicable in this
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industry. Chemical process simulators, advanced modelling of steam networks and
surrogated modelling for optimization tasks and MPC controllers are currently used.
Ferrous metals processing industry: This industry comprises all techniques used for
metal processing: Hot and cold forming, cold rolling, coating and galvanizing. This is a
highly energy consuming industry in which high temperatures must be reached, in order
to provide energy efficiency heat content in exhaust gases that can be used to generate
steam and re-use this energy. That is why ASNM is applicable. Since continuous or batch
processes in this sector are complex and interconnected, SM models can be also
developed in order to help automatic control. CPS could be applicable in order to model
different chemical processes involved in metal treatments: acid, de-greasing agents,
additives, water cleaning processes, etc.
Smitheries and foundry industry: The following foundry process steps are covered in
this document: pattern making, raw materials storage and handling, melting and metal
treatment, mould and core production, and moulding techniques, casting or pouring and
cooling, shake-out, finishing and heat treatment. The scope of the TOP-REF approach is
not fully applicable to this sector. However, the energy efficiency can be improved due
to the need of furnace and off-gas cooling that could generate hot water or hot air
stream in large furnaces (some applicability of ASNM). Due to the complexity in
simulating processes occurring in the furnaces during melting or treatment processes,
SM based on big data gathering could be applicable to predict temperatures, melting
times and final product quality.
Surface treatment of metals and plastics: Processes involving electrolytic and chemical
processes water-based. Complex chemical processes are involved in this industry where
CPS can be implemented. Electricity is the most relevant utility input and in process
heating and cooling may be necessary. Water as raw material and its final treatment is
always a key factor. However, the heat quantity and quality needed in the processes may
not be compatible with an ASNM development. SM use could be feasible to perform
complex process simulations.
Production of polymers: The list of products covered in this industry includes
polyolefins, polystyrene, polyvinyl chloride, unsaturated polyesters, emulsion
polymerised styrene butadiene rubbers, solution polymerised rubbers containing
butadiene, polyamides, polyethylene terephthalate fibres and viscose fibres. CPS is fully
applicable in this sector containing complex chemical processes as well as ASNM for
large production installations. SM can be of great interest following the work line started
in Top-Ref project.
Common waste water and waste gas treatment/management systems in the chemical
sector: This is a horizontal issue for the chemical sector. Indirectly CPS can be modelled
simulating chemical processes with the aim of minimizing the water and gas effluents.
Water waste treatments include effects such as separation, sedimentation, flotation,
filtration. Those are techniques in which SHS could be adapted and be useful.
Coagulation and flocculation are processes that the use of adapted balance population
models could tackle. For particulate matter in gaseous flows, SHS can be applied as well.
Finally, due to the complexity of these processes, SM is fully applicable.
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Waste treatments industries: Common techniques, biological and physic-chemical
treatments, recovery of materials, preparation of waste fuel, air abatement treatments,
waste water treatments and residue management. This is a very broad chapter affecting
many different sectors. In general terms installations for the generation of power and
steam can be necessary in large facilities, where ASNM will be fully applicable. Blending,
mixing, solid sizing reductions, screening and sieving techniques are covered in this
chapter. SHS and BPMS would be applicable here.
Waste incineration: Basically, waste incineration is the oxidation of the combustible
materials contained in the waste. Waste is generally a highly heterogeneous material,
consisting essentially of organic substances, minerals, metals and water. During
incineration, flue-gases will contain the majority of the available fuel energy as heat.
ASNM is fully adaptable to this industry as well as SM. Solid waste treatment can lead to
fully application SHS models.
Production of pulp and paper industry: This sector comprises chemical pulping Kraft
(sulphate) pulping process and sulphite pulping process. Mechanical and chemomechanical pulping, processing of paper for recycling with and without deinking and
papermaking and related processes. This industry fairly comprises all key points related
to TOP-REF project, such as utility plant including cogeneration and steam networks,
solid management (pulp handling) and chemical pulping processes. These complex
plants can be modelled by means of big data collection and SM.
Textile industry: Man-made fibers are used as raw materials. These encompass both
purely synthetic materials of petrochemical origin, and regenerative cellulosic materials
manufactured from wood fibers. Steam is used in many processes in textile industry. Dirt
removal/grease recovery loops combined with evaporation of the effluent and
incineration of the sludge is an example of how steam, boilers and cogeneration of
power and steam is applicable to textile industry.
Tanning of Hides and Skins: The leather making operation consists of converting the raw
hide or skin, a highly putrescible material, into leather, a stable material, which can be
used in the manufacture of a wide range of products by means of a sequence of complex
chemical reactions and mechanical processes. The key points of TOP-REF project have
low impact in this industry, however, CPS could be adapted to several chemical
processes present in this industry and ASNM could have some application in large
tanning facilities: Drying tunnels are generally integrated in the finishing line, and
heating can be done by steam, gas or electricity (infrared).
Slaughterhouses and Animals By-products Industries: The TOP-REF project has few
relations with this industry. Steam is used in processes such as continuous wet fat
melting, degreasing, sterilization or blood processing. Depending on the size of the
animal-by-product plant, the use of ASNM could be interesting.
Food, Drink and Milk Industries: Includes the treatment and processing intended for the
production of food products for human consumption from animal and vegetable raw
material as well as milk industry. Food processing industry needs for heat and electrical
power may be high. Utilities are often imported, but in case power and heat duty are
produced on site by means of Combined Heat and Power (CHP) plants the efficiency
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increases considerably. In this case ASNM could be useful applied to this industry. Many
chemical processes are involved in food industry, such as dissolving, solubilisation,
sulphitation, carbonation, etc, as well as techniques in which heat processing is applied.
CPS techniques and SM could be of interest in some cases.
Industrial Cooling Systems: The term “industrial cooling systems” refers to systems to
remove excess heat from any medium, using heat exchange with water and/or air to
bring down the temperature of that medium towards ambient levels. Cooling processes
are related to the TOP-REF key point ASNM. Cooling of industrial processes can be
considered as heat management and is part of the total energy management within a
plant. SM could also be applicable to these processes due to the complex dependence of
cooling system performance and process requirements. The rest of key points
considered in this study do not present relevant synergies.
Emissions from Storage: Storage is an activity which occurs in connection with
practically all industrial activities. The techniques could be applied to basically all
categories of industrial activities. Steam usage is applicable to tanks heating or
regeneration of activated carbon used for hydrocarbon molecules of emission gases.
Also utilities can be used for vapour condensation (need of cold heat exchanger).
Handling of solids for storage could be in the scope of SHS.
Wood-based Panels Production: Production in industrial installations of wood-based
panels are: oriented-strand board, particle board or fibre board. The core processes of
the production of panels are production of wood particles, drying and pressing. SHS
simulations for solids transport, sieving and drying developed in TOP-REF are applicable
in this sector as well as SM. Hot gases for directly-heated dryers can be produced in CHP
plants, with the generation of steam and electricity, where steam is used for indirectly
heated dryers and for cooking and refining and electricity is either for internal use or
sold off site. ASNM techniques could be interesting to be applied here.
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