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Flexibility Assessment of Heat Exchanger
Networks: From a Thorough Data Extraction to
Robustness Evaluation

Lucille Payet*, Raphaéle Thery Hétreux, Gilles Hétreux, Florent Bourgeois,
Pascal Floquet

Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France

ABSTRACT

Due to process variabilities and operational modifications, operating parameters of Heat
Exchanger Network (HEN) may alter its output temperatures. Nevertheless, the impact of
these disturbances depends largely on the topology of the HEN. As a consequence, it can
be relevant to evaluate the flexibility of a HEN after its synthesis. Flexibility of a HEN refers
to the ability of a system to operate at a finite number of set points. In this framework,
the implementation of this property is broken down into several aspects. In this contribu-
tion, the first level of flexibility concerning the robustness (ability of the system to absorb
disturbances without changing utility flowrates) is addressed and compared to other con-
tribution, this criterion is not formulated as a generic one but as a criterion that strongly
depends on the studied process. As a consequence, to evaluate its value, the first step is
to perform an enhanced data collection by identifying the most frequent disturbances and
by pointing out the critical streams i.e. the streams whose output temperature absolutely
needs to be kept into a strict interval; then, given this information, a robustness criterion
can be formulated for a given HEN. In this paper, a methodology relying on several mod-
els is developed to address this issue: a Mass Equilibrium Summation enthalpy non-linear
model (MESH) dedicated to the enhanced data collection, a Mixed Integer Linear Program-
ming (MILP) model used for the HEN synthesis and finally a linear model developed for the
modeling of the HEN response to disturbances. This methodology is first illustrated through
a basic academic example and finally applied to an industrial case study.

1. Introduction (PA) (Linnhoff and Hindmarsh, 1983) and leads to the Heat Exchanger
Network (HEN) as a final solution to achieve a significant reduction of
energy consumption.

By design, a HEN leads to a stronger integration of hot and cold
streams. There is a substantial literature on HEN design methods, as
reflected in Furman and Sahinidis (2002), which lists and analyses
as many as 461 articles from the late 40s to 2000. This study high-
lights different methodologies that were carried out. The approaches
concern algorithmic methods, methods based on heuristics or mathe-
matical programming techniques. According to the authors, in recent

The energy issue is paramount to improving the performances of
industrial processes as it impacts their economic profitability and envi-
ronmental footprint. One of the most effective strategies to improve
the energy efficiency of industrial sites is to maximize heat recovery
by Process Integration (PI), as still pointed out recently by Pereira et al.
(2017). Indeed, PIis an essential concept which consists in coupling the
hot and cold streams internal to the process rather than consuming
external utilities. The PI methodology is based on the Pinch Analysis
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years, the latter predominates and the need for more robust formula-
tions and more efficient global optimization algorithms is all the more
crucial. In this framework, Escobar and Trierweiler (2013) displays a
case study comparison between several mathematical models: Mixed
Integer Non Linear Programming (MINLP), Non Linear Programming
(NLP), Mixed Integer Linear Programming (MILP) and Linear Program-
ming (LP) to test their efficiency on a few examples. Simultaneous
and sequential methods are also compared in this study. The authors
concludes that whereas sequential methods, which solve the problem
step by step, are easier to solve, simultaneous methods, which solve the
problem in one step, provide better solutions. Another observation is
that most of the proposed methodologies aim to derive solutions that
minimize the site’s energy consumption by achieving the best com-
promise between the capital expenditures (CAPEX) and the operational
cost (OPEX) (Gundersen and Naess, 1990; Barbaro and Bagajewicz, 2005;
Bjork and Westerlund, 2002; Escobar and Trierweiler, 2013; Isafiade and
Fraser, 2008; Mehta et al., 2001; Mikkelsen and Qvale, 2001; Morar and
Agachi, 2010; Yee and Grossmann, 1990). However, these solutions do
not always give rise to a concrete implementation on industrial sites.
As suggested in Sreepathi and Rangaiah (2014), a single optimal solu-
tion is generally not sufficient for the industrial feasibility of the HEN
due to unforeseen on-site constraints. The challenge with designing
viable HEN is that it is simply not possible to identify and formulate all
constraints out of hand. Sreepathi and Rangaiah (2014) concluded that
it would be better to provide several optimal solutions so that expe-
rienced engineers can select the most practical HEN. To address this
issue, this paper presents a computational framework developed as
part of the RREFlex project (Software for the Robust Synthesis of Flexi-
ble HEN). This tool proposes an original approach, which consists in an
iterative process relying on 3 major points as shown in Fig. 1:

e The analysis of the process historical data to identify precisely the
on-site constraints.

e The proposal and evaluation of several configurations of HEN
achieved by an optimization approach based on Mixed Integer Linear
Programming (MILP).

e The a posteriori evaluation of the performances of these configura-
tions: performance indicators are relative to on-site considerations
such as topology of the HEN or its flexibility in addition to more tra-
ditional indicators like energy consumption and global costs. The
analysis of these solutions by the engineer leads to the formulation
of new constraints and the synthesis of new HEN. The procedure is
run until finally obtaining configurations which fulfill all the indus-
trial constraints correctly.

Thus, the methodology proposed in this work consists in pro-
viding the site engineer with several HEN solutions and letting him
post-evaluate the performance of each one using key performance
indicators (KPIs) based on economical, topological, practical and oper-
ational considerations. The method therefore assigns the end-user a
pivotal deciding role, and new improved HEN solutions are designed
iteratively as the end-user adds in additional on-site constraints. With
such a scheme, one HEN solution provides the basis for the next one,
and the design process stops when KPIs can no longer be improved and
on-site constraints have all been accounted for.

As mentioned, a multi-criteria evaluation of each proposal is car-
ried out in the RREFlex tool. Among these KPIs, flexibility appears as
one of the most crucial ones. Many definitions of HEN flexibility can
be found in the literature for continuous processes (Escobar et al,

2013; Verheyen and Zhang, 2006; Chen and Hung, 2004). Nevertheless,
a common definition of flexibility is the ability of a system to operate
for a finite number of operating points. Moreover, it is often referred
as resilience index (Saboo et al., 1985) or controllability for dynamic
and steady-state regime of processes (Swaney and Grossmann, 1985;
Pintari¢ and Kravanja, 2004; Masoud et al., 2016). In Escobar et al. (2013),
a two-stage methodology is reported for designing of a flexible and con-
trollable HEN. Their first stage consists in the design of an optimal HEN
that minimizes the CAPEX and OPEX, using the SYNHEAT non-linear
model from Yee et al. (1990). Their second stage deals specifically with
the flexibility issue by minimizing the sensitivity of the HEN to dis-
turbances. The methodologies to establish directly resilient HEN for
grass-root cases was thus well studied. For the post-evaluation of the
flexibility of HEN in retrofit cases, this notion has to take into account
batch processes but still including the notion of resilience. Moreover,
the definition of HEN resilience as the ability to cope with inlet and target
temperature changes in Saboo et al. (1985) required to be divided into two
notions. In all cases, such a flexibility analysis clearly requires account-
ing for all the relevant process uncertainties. Whereas, the design of
robust HEN for green or new projects can be considered mature as new
facilities offer the maximum design flexibility for heat integration, this
is not the case however for brown or existing projects. As highlighted
by Smith et al. (2010), retrofitting a flexible HEN to an operating plant
remains a complex and critical problem.

In our methodology, the general property of flexibility has been
subdivided into 4 layers:

e Robustness (or inherent resilience): the intrinsic ability for the HEN
to cope with inlet temperature small changes with no topological
changes.

o Potential resilience: the ability to achieve the resilience by acting on
the utility flow rates or/and introducing by-passes solutions in order
to make the HEN able to absorb the disturbances.

o Adaptability: the ability of a system to operate at a finite set of oper-
ating points.

o Intermittency management: the ability to overcome temporal mis-
matches between hot and cold heat sources (summer/winter
operation, batch processes, etc...) by means of storage tanks that
must be characterized.

In view of the complexity of the subject, only robustness property
(first layer of the HEN flexibility) is addressed in this paper and com-
pared to existing methods, robustness criterion is defined as a specific
one that strongly depends on the history of the considered process.

To enable RREFlex software to assess the robustness of the HEN for
a given process, a three-step methodology has been developed start-
ing from an enhanced data collection for the calculation of enriched
data for pinch key values (mean values and standard deviation of tem-
peratures) and ending with the definition of a robustness criterion. In
this framework, disturbances on inlet streams have to be character-
ized and tolerance intervals on outlet values have to be established
by engineers. In order to obtain the required information, a generic
data extraction methodology based on process history is developed.
For that purpose, physical data (as stream flowrate, heat capacity and
inlet/outlet temperatures) are assumed to follow a normal distribution.
This representation is widely used in data extraction and validation
methodology in chemical processes (Romagnoli and Sanchez, 1999).
The data are then modelled by its mean value and standard devia-
tion which would be a thinner representation of the variations than
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Fig. 2 - Global multi-model three-step methodology used to derive a HEN robustness indicator.

a mere range. The exploitation of historical data would then exclude
less possible HEN solution but requires a specific methodology. Several
methodologies described in the literature address the data extraction
issue. Venkatasubramanian et al. (2003) established a classification of
diagnostic algorithms. For process history based quantitative statisti-
cal study, both Principal Component Analysis (PCA)/Partial Least Squares
(PLS) (work of Kresta et al., 1991 and Kourti and MacGregor, 1995 for
instance) and Statistical Pattern Classifiers (see Fukunaga, 1990) can be
used. According to Venkatasubramanian et al. (2003), it is important
to design hybrid systems to assess large-scale industrial situations
and overcome the drawbacks of single-method based diagnosis. To
develop an adaptable and accurate approach, we have developed a
hybrid methodology using a statistical analysis coupled with a process
modelling software.

The remainder of this paper is organized as follows. The outline of
the methodology for evaluating the robustness indicator is described
in Section 2. The rest of the paper details each step as follow. Section
3 discusses the statistical analysis module called EDiFy and the valida-
tion model with ProSimPlus®. Then, Section 4 describes the optimisation
model used for the synthesis of several HEN configurations. The HEN-
Sim module dedicated to the simulation of HEN behaviour with respect
to the identified input variations is presented in Section 5. Finally in
Section 6, the methodology is applied on a real industrial case study
and results are discussed.

2. Outline of the proposed methodology for
robustness analysis of HEN

Fig. 2 proposes an overview of the global methodology that
was implemented for the robustness analysis. Several kinds
of models are required to build and assess the robustness of
a HEN. Starting from process historical data, the procedure is
structured around three major steps:

o Step 1: Enhanced data collection for the flexibility analysis
of HEN (method EDiFy)

The raw data (temperature, pressure, flowrate. ..) measured
by several sensors available in the plant are analysed in order
to determine one or several nominal set point(s) and obtain

a consistent data set representative of each set point. A sta-
tistical representation of each representative data is then
proposed to enable the computation of HEN alternatives.

e Step 2: The computation of several Heat Exchanger Network
alternatives

Given the mean values of input/output temperatures and
FCp for each hot and cold stream, several alternative of HEN
are computed using a Mixed Integer Linear Programming
approach (MILP).

e Step 3: The simulation of HEN behaviour under steady state
conditions

The robustness of each configuration according to the input
variations identified in step 1 is then assessed using HENSim
model (Heat Exchanger Network Simulation). The robust-
ness property evaluates the capacity of the HEN to maintain
the output temperatures of critical streams into predefined
bounded intervals. In this framework, a critical stream is a
sensitive process stream with strict and narrow tolerance lim-
its in terms of temperature, such as a reactor input stream
for instance. These tolerance limits fix the bounded interval
and are either calculated from historical data or specified by
process engineers. Exceeding the tolerance limits of a criti-
cal stream could lead to hazardous consequences in terms
of safety or process performances. According to this point of
view, either the tolerance limits are respected for all the criti-
cal streams studied and the network is considered unilaterally
robust, or these limits are not satisfied for few streams and
the robustness of the network is quantified via an indicator
comprised in the interval [0,1].

In the following sections, the methodology will be
extensively detailed. To illustrate the steps of the global
methodology, a Simple Process example is used. In Fig. 3, a the-
oretical production process of desired products C and E from
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A, B and D with several by-products is displayed. This Simple
Process (SP) is composed of 7 heat exchangers, 2 reactors and 4
separation units. In the nominal process, all the heat exchang-
ers are coupled with hot and cold utilities (no heat integration
of the process). In the scenario chosen for this study, exchang-
ers Hex2, Hex3, Hex5 and Hex7 will be reconsidered. The heat
integration of cold streams C1 and C2 and of hot streams H1
and H2 will then be studied. Assuming that this process is
well-instrumented, the first step of the methodology consists
in determining the operating point and variations of the site
as well as its critical streams (step 1). Then, several alterna-
tives of Heat Exchanger Networks are proposed (step 2). Finally
all these alternatives are compared to each other in terms of
robustness (step 3).

3. Step 1: method EDiFy (Enhanced Data
Collection for Flexibility Analysis)

The module EDiFy consists in a thorough analysis of industrial
process data relying on the analysis of historical data from
the considered site. The methodology illustrated in Fig. 4 is
composed of three sub-steps.

The first one aims atidentifying all the steady-state operat-
ing points of every sensors of the site. It consists in the analysis
of the raw data recorded from the industrial site. It includes a
statistical analysis developed specifically to enable the defini-
tion of one or more accurate steady-state measurements. To
this end, records from all available sensors are analysed using
a dedicated application based on sliding windows. For every
steady-state (SS) regime isolated by the analysis, the mod-
ule yields the statistical distribution (Gaussian) of the input
and output temperatures, pressure and flowrates of all process
streams.

The second step consists in the establishment of a consis-
tent data set (for sub-step 1c). A global statistical analysis is
carried out to select the period with the greatest number of
sensors in SS.

Finally, to validate the data required in the HEN synthesis
and robustness analysis, the process steady-state regime pre-
viously identified is used as input data in a simulation model
of the process. This model is based upon Mass Equilibrium
Summation enthalpy (MESH) equations (in ProSimPlus® sim-
ulation software). Missing values are identified according to
heat and mass balances. The critical streams and input vari-
ations are also determined.

This hybrid method coupling statistical analysis and pro-
cess modelling enables the definition of the mean value and
the standard deviation of flowrate and inlet/outlet tempera-
tures of each stream of the process.

3.1.  Statistical analysis for each sensors and
steady-state regimes identification

First, the SS operating periods for all available sensors needs
to be identified. Assuming a normal distribution of measure,
the analysis relies on a basic sliding windows analysis through
which historical data are processed in order to separate and
characterise distinct SS operating regimes from the recording
of every individual sensors. The size of the sliding windows is
matched to the coefficient of variation (CV) of the sensor’s sig-
nal and precision, in order to identify the time windows over
which each sensor’s signal is operating under steady-state
(Fig. 5).

First, large sliding windows (101 points) are used to sep-
arate changes in steady-state regimes, then sliding windows
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size is progressively decreased in order to isolate the broadest
range of values over which the sensor signal is at steady-state.
An accurate data analysis over the steady-state range finally
leads to the statistical distribution of the raw signal. Of course,
the strength and applicability of the method strongly depends
on the amount of available data. In case of missing data or

inconsistent signal, the data from the sensor is discarded from
the analysis.

Application on the Simple Process example

Fig. 6 displays the signal measured by a sensor and exhibits
several SS regimes. The normal distribution of the first steady-
state regime is also illustrated in Fig. 7. The mean value,
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standard deviation and coefficient of variation (standard devi-
ation over mean ratio) are calculated for each SS as well as the
start and end time of each regime.

3.2 Establishment of a consistent data set as input of
a process simulation software

Given the steady-state periods for each individual sensor, the
global representative steady-state period can now be found. It
corresponds to the periods displaying the greatest number of
sensors operating under steady-state conditions. If necessary,
sensors can be ranked according to their topological area in
order to take time lag between areas into account. The data
for each SS regime are fed to a process simulation software,
namely ProSimPlus®, in order to validate the consistency of
data for heat and mass balances. The main steps of this step
are displayed in Fig. 8.

Application on the Simple Process example

For the Simple Process, a total of 40 sensors are treated.
Then the number SS is quantified over the whole period of the
study. In Fig. 9, a representative data set for the process mod-
elling over 4 days with over 30 sensors in SS can be detected.

3.3. Process modelling and validation

The resulting data sets are then used to obtain an accurate
model of the process (Fig. 10). In this study, ProSimPlus® soft-
ware has been used. Among all of the collected data, some
are used as input values to configure the model whereas oth-
ers are used to check the model consistency regarding heat
and mass balances. In case of conflict between simulated and
measured values, the engineer is advised and asked for advice.
Another model validation relies on a comparison between the
global utilities bill and the energy consumption deduced from
the model. Finally, missing data are then extracted to perform
the energy diagnosis and HEN synthesis.

Application on the Simple Process example

Up to this point, all the process values can be defined. Fig. 10
shows for instance all the temperatures of the system, either
they were deduced through statistical analysis (in brown) or
by the process simulation model (in green). If the data are
extracted from EDIFy, extra information is available such as
standard deviation, CV, start and end point of the steady-state
regime selected. Pressures and flowrates are also calculated
but were not displayed on the graph so as to be more under-
standable.

Table 1 - Simple Process information for energy
diagnosis.

Condition Stream FCp (kW/K) Tin (°C) Tout(°C) Q (kW)
Hot H1 2 180 40 280
Hot H2 4 150 40 440
Cold C1 3 60 180 360
Cold C2 2.6 30 130 260

Table 2 - Pinch Analysis of the SP.
QUC,min
160kW

ATmin Tpinch QuH,min MER

10°C 145°C 60 kW 220kW

Table 3 - SP Variations of input temperatures.

Variable streams Theem oT CcV
H1 180°C 18°C 0.10
Gl 60°C 6°C 0.10

Table 4 - SP Critical stream properties.

Critical stream Tmin Tmean Tmax

Cc2 123.5°C 130°C 136.5°C

As mentioned in Section 2, the study focuses on the
streams C1, C2, H1 and H2. After the model validation through
process simulation (not detailed in this paper), the nomi-
nal process values concerning the energy analysis can be
extracted (see Table 1). Assuming a ATmin equal to 10°C, the
Problem Table Algorithm leads to the Minimal Energy Require-
ment given in Table 2. In Table 2, ATmin is the minimum
approach temperature, Tpinch is the Pinch temperature of the
system for ATmin, Quc min is the minimum cold utility heat
load, Quu,min is the minimum hot utility heat load and MER
is the Minimum Energy Requirements as defined in Linnhoff
and Hindmarsh (1983).

EDiFy methodology leads to information concerning the
standard deviation observed on key values such as input tem-
peratures of the future HEN. Table 3 displays the data for H1
and C1 streams.

Moreover, engineers identified the stream C2 as a critical
stream. The boundaries are fixed according to the signal with
a threshold of 99.7% (+30) of the distribution. The target prop-
erties of C2 output temperature are displayed in Table 4.

4. Step 2 — synthesis of several HEN
configurations

Given the hot and cold streams characteristics established in
step 1, several HEN configurations have to be computed. In
the RREFlex approach, a simultaneous method based on Mixed
Integer Linear Programming (MILP) is selected to guarantee the
efficient calculation of several configurations in case of indus-
trial scale problem. CPLEX kernel is used through ILOG IDE
software (IBM). The formulation of the MILP model is based on
the notion of temperature interval and bipartite flow graph.

As illustrated on Fig. 11, a process stream can be heated
up or cooled down by several heat exchangers. A temperature
interval of hot (resp. cold) stream is defined by input/output
temperatures of a given heat exchange on the considered
stream. For instance, hot stream H1 exhibits two exchanges
on Fig. 11. Then, it is split into two temperature intervals:
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[THpx, THpx-1] and [THy k.1, THpx-p]. Nevertheless, the num-
ber of interval of each stream is a priori unknown, as well as
the temperature defining the bounds of these intervals.

Thanks to such representation, the Heat Exchanger Net-
work synthesis problem can be seen as a transshipment
problem of energy from hot streams (on the left) toward cold
streams (on the right). Formally, this classical problem can be
modelled using a bipartite flow graph with potential considera-
tions. The use of such a graphical and formal support allows a
systematic and unambiguous construction of the MILP model.
A vertex is associated to each stream of the problem. Parame-
ters N; define the maximum number of exchanges desired for
stream i. This parameter is set a priori in order to control the
complexity of the HEN topology. Indeed, the resulting HEN will
be a priori all the more integrated as the N; are high. As each
stream i can be divided into N; temperature intervals, each
interval j is also associated to a vertex, named respectively
HI;; for hot stream and C;; for cold stream. These vertices are
annotated with a potential T;; corresponding to the output
temperature of the corresponding interval. The two subset of
vertices HI;; and Cl; respectively form the two subsets X1 and
X2 of a classical bipartite flow graph. Parameter Ndiv; define
the maximum number of division (or sub-streams) that an
interval of a stream i can be subject to. The mixing of the sub-
streams of a stream i is imposed to be isothermal. Thus, each
interval of a stream i can exchange heat with a utility or with
Ndiv (at most) intervals of streams located on the other side.

Fig. 12 displays the bipartite flow graph for a system
composed of 2 hot streams (H1 and H2) and 2 cold streams
(C1 and C2), each stream participating in 4 exchanges at most.
Vertices H1, H2, C1 and C2 on the graph represent respectively
each stream. As an example, the potential exchanges of the
third interval of hot stream 1 HI 3 is drawn (yellow and brown
arrows).

The bipartite flow problem then evolved into an assign-
ment problem between two sets of vertexes, where the flows
are the heat exchanged between an interval k of a hot stream
h to an interval i of a cold stream c or to a cold utility (and
vice versa). Thus, each interval k of a hot stream h has to be
paired up with an interval i of a cold stream c or with a cold
utility. The physical constraints are easily deduced from the
graph. These are written on the basis of:

o Flow balance on each node of the graph.

e Capacity constraints of each arcs.

e Assignment constraints for the binary variables.

¢ Potential between intervals in order to take into account the
15t and 2 principles of Thermodynamic.

The complete nomenclature and equations of the model
are given in the Supplementary material in Appendix A at the
end of the paper.

4.1. Application on the Simple Process example

For the SP example, several configurations can be built when
modifying model parameters such as the maximum intervals
count Nj or the criterion formulation. For instance, Table 5
presents two configurations and the associated model param-
eters.

e Configuration 01 that achieves the MER with no constraints
on the number of heat exchangers in Fig. 13.

o Configuration 02 that includes an additional constraint on
the number of heat exchangers and consumes 40 kW more
than the configuration 01 in Fig. 14.

The energy properties of both configurations are reported
in Table 5.
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Fig. 12 - Bipartite flow graph of the illustrative example. (For interpretation of the references to colour in the text, the reader

is referred to the web version of this article.)

Table 5 - HEN configurations properties.

Configuration QucC QUH Heat exchanger count Model parameter Ndiv Number of heat exchangers constraint
01 160 kW 60 kW 8 4 10
02 200 kW 100 kW 5 4 5
8 heat exchangers configuration
180°C
60k
201°C 200°C
HU1 Eé >
1 c1 c2
160°C 60°C 30°C
60kW 74.3kW 85.7kW 60kW
H1 180°C /A 0\ 150°C 112.9°C 40°C
E1g E2% =/
140°C 101.4°C 88.6°C 53.1°C
154.3kW, 125. 7kW< . 160kW
150° 111.4°C_ /A 80°C 40°C,
EGK Y/ E
20°C
Ccu1
Fig. 13 - Configuration 01 (MER).
5. Step 3: assessment of robustness Floquet et al. (2016). Eq. (1) shows the basic linear model used

indicator

5.1. HEN behaviour simulation

The temperature of an inlet stream of a HEN is subject to
variations following the normal distribution that was char-
acterised as part of the previous steady-state regime. The
simulation of the model response of a HEN is detailed in

to evaluate the output temperatures of a hot stream T! . and

a cold stream T, based on the input temperatures Ti’; and

T¢, for a counter-current heat exchanger displayed in Fig. 15.

Th

out

TC

out
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Fig. 15 - Counter-current heat exchanger.

where K1 and K, depend only on heat exchanger characteris-
tics (U, A, Fy, Cpn, Fc, Cpc) as shown in Egs. (2) and (3):

_ . .
K (FeCpc — FrCpr) eUA(WchCPJ o
1=
1 _1

i PCCPCEUA(Pthh FcCpc ) _ icph

Ky = FeCpe — FCpn o
1 1
_FCCpCeUA(FhCPh FcCpc) — FnCpp,

Calculation of the output temperatures of a whole HEN is
based on solving the linear system AT=Db as shown in Eq. (4),
where:

1 0 0 0o o

0 1 0 0o o

E E

KK -1 1 0 0o o

Ki'-1 -K' 0 1 0 0 00
A

0 0 -10 1 0 00
0 0 0 0 0
0 0 0 K* K*-11 0
0 0 0 0 KM4-1 -k 0 1

e Tisavector composed of all the temperatures of the system.
A system with n heat exchangers is displayed as an example

in Eq. (4).

e The vector b includes all the known input temperatures of

the system.
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P
— Terit

robust

Tmin Tmean Tmax

Fig. 16 — Robustness indicator P gpys;-

Table 6 — Results of robustness study for the SP.

Probust

Input variabilities Config 01 (MER) Config 02

H1+C1 0.960 0.499

¢ Ais the matrix gathering all the equations about each heat
exchangers of the network and the connections between
the exchangers as shown in Eq. (4).

The linearity of the problem for a given HEN ensures that
the response to normally distributed input temperatures will
also be normally distributed, as long as the input tempera-
tures are independent. The mean response of the system is
obtained from the resolution of A.Tmean =bmean. The variance
of the response can also be calculated linearly by propagat-
ing the variance of each individual element. Only the system
input temperatures are varied in this study.

5.2.  Evaluation of the HEN robustness

The analysis of the HEN’s response to variations in input tem-
peratures yields the definition of a robustness indicator, which
is used to compare several HEN designs for a given process.
The robustness indicator is defined as the probability for the
critical stream output temperature to stay within its tolerance
limits [Tmin; Tmax], as shown in Fig. 16. The indicator is equal
to 1if 99.7% of the distribution (30) is within the boundaries.

Th
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Table 7 - Input variable temperature.

Table 8 - Critical streams output temperature bounds.

Variable stream Tmean oT CcV Critical streams Wiz Tmean Tmax
C26 132.25°C 9.52°C 0.072 A23 165.20°C 167.00°C 168.80°C
A17 217.35°C 218.00°C 218.65°C
Application on the Simple Process example
The two HEN configuration responses to the variabilities Scenario 01
of H1 and C1 were evaluated. The robustness was calculated K]‘\gs_saac
with C2 as the critical stream and the results are displayed in 666KW.
Table 6. E 1>
After this study, the conclusion is that configuration 01 is \1?5.6206
more robust towards the identified variabilities and in regard b.01
of the selected critical stream. For the HEN 01, that reaches the 148.93°C
MER, to be more robust is a rather unexpected result as it is 5130kV%I\
more integrated. This confirms that it is essential to carry out E2:
this thorough data analysis to establish a robustness criterion. IA&%GC
b.02
6. Industrial case study /L”GG“C
9537kW.
This methodology was applied on an industrial site of Vinyl Ea\I . | 218.01°C
Chloride Monomer (VCM) production. VCM production pro- o 218.01°C 503 —
cess is a complex process with an intricate structure due to 56 55
several reactors and separation sections. Hence the robust- ,42,,(%1\
ness issue is vital to provide an efficient HEN for the process. E4;
The VCM plant was studied in order to analyze and reduce i?&wc
its energy consumption. This process already has a few inte- b.04
grated heat exchangers. The first objective of the study is to 150°C
establish an energy diagnosis to evaluate the current solution. 120kW/L
Then calculate the robustness criterion over each HEN. Two Es;
networks are compared on this level. |Iii isuc
6.1. Statistical analysis and steady state detection /L‘%-UO"C
1083kW/,
From all the 198 sensors analysed with EDiFy, 165 sensors are E6
part of the representative data set as they are all in steady- CSZ»Z“’C
state regime over the same period. The whole process was

modelled in ProSimPlus® (422 streams). The process model
was validated with a maximum relative difference of 10%
between redundant information on temperature, flowrates or
pressure and the simulation values. Concerning the varia-
tions, the process is globally very stable (118 sensors under 2%
of coefficient of variation). Many critical streams were iden-
tified as the process is well optimized. The energy diagnosis
revealed that the hot utility usage can be reduced to 0 kW with
a MER network configuration. Several scenarii will be estab-
lished and analysed in terms of robustness in order to find
a suitable HEN handling on-site constraints. Concerning the
robustness analysis, two HEN are here-by presented.

6.2. HEN behaviour simulation

Two configurations were studied. The HEN were designed
according to two scenarii:

e Scenario 1: all the process hot and cold streams were con-
sidered for the HEN design.

e Scenario 2: the already integrated streams were put aside to
only reconsider streams relying on utilities.

One variation impacting critical streams is studied in par-
ticular. In both configurations, other variations were either
coupled with utilities or not impacting critical streams. The

Fig. 17 - Partial HEN Scenario 01.

Table 9 - Robustness indicator results.

Probust

Input variabilities Config 01 Config 02

C26 1.0 0.73

stream variation properties are displayed in Table 7. The crit-
ical streams properties are displayed in Table 8.

The two parts of the HEN impacted by the disturbance are
displayed in Figs. 17 and 18. Configuration 01 actually proposes
a coupling different from what is already done on the actual
process. Configuration 02 couples up the remaining streams.
A17 (hot stream displayed in Fig. 17) which is part of an exist-
ing integration on the site has been left out of the study for
configuration 02.

6.3. Robustness assessment

The robustness indicator was calculated upon each config-
uration and displayed in Table 9. The results show that by
reconsidering the existing solution, a new coupling was high-
lighted (A17-C26) which is more robust than a HEN with only
the non-integrated streams.
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Fig. 18 — Partial HEN Scenario 02.

7. Conclusion

Over the last decades, Heat Exchanger Network design topic
has been the subject of many studies leading to the devel-
opment of several methodologies and software. Yet, from an
engineer point of view, this task still remains a very arduous
one because recovery solutions proposed by this method do
not take all the constraints imposed by the site into account.
To address this issue, RREFlex project proposes an original
approach which consists in an iterative process relying on:

An enhanced data collection to precisely identify the site
constraints and specificities.

The proposal and evaluation of several HEN configurations
achieved by an optimization approach based on Mixed
Integer Linear Programming (MILP) that minimizes energy
consumption.

The post-evaluation of the performances of these configu-
rations with KPI relative to on-site considerations such as
topology of the HEN or its flexibility in addition to more
traditional indicators like energy consumption and global
costs.

A retroaction loop to take into account new constraints for-
mulated by the engineer and the synthesis of new HEN to
finally obtain configurations that will perfectly fulfill all the
process constraints.

Among these constraints, robustness appears as one of the
most crucial ones. In this article, the first level of flexibility has
been addressed. It concerns the ability of the system to absorb
disturbances (“noises” with low amplitude) without changing
the flow rates of utilities. To enable RREFlex software to assess
the robustness of a given HEN, a three-step methodology has
been developed starting from an enhanced data collection for

the calculation of enriched data for pinch key values (mean
values and standard deviation of temperatures and coefficient
of variation) and ending with the definition of a robustness
criterion.

This methodology has then been successfully applied to
an industrial case study. In the future, the robustness will be
used as an optimization criterion in the model dedicated to
the synthesis of HEN in order to obtain straightaway robust
configurations. Moreover, other levels of robustness such as
resilience, adaptability and management of intermittency will
be addressed.
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