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Abstract: Exergy analysis has been shown to be a powerful tool for assessing
and improving the energy efficiency of thermal and chemical processes.
However, the lack of systematic procedures in examining and interpreting the
results of the exergy balance or the exergy efficiency makes this kind of
analysis more or less limited to the academic world. This paper intends to
promote an efficient energy usage through pinch, exergy analyses and energetic
optimisation and by providing the engineer with specific improvement means
by using a case-based reasoning (CBR) system. To make exergy analysis more
understandable, it was decided to develop two methodological tools: a
supporting graphical representation of the exergy analysis and a CBR system to
help the user in developing alternatives. Both tools are grouped together into a
general methodology for the analysis and retrofit design of industrial sites. This
new approach is illustrated through an ammonia processing plant case study.

Keywords: exergy analysis; process retrofitting; ternary exergy diagram;
CBR; case-based reasoning; optimisation.
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1 Introduction

Tackling climate change and reducing greenhouses gas emissions, which are largely
attributable to human activity, represent one of the biggest challenges for humanity in the
coming years. In such a context, the promotion of best practices to enable the efficient
utilisation of energy has emerged as one of the major points of focus. The high volatility
of energy prices and the increasingly stringent environmental regulations have forced
industrials to improve their processes continuously, in order to reduce energy
consumption and GHG emissions.

For this purpose, industries need tools to perform energy audits on facilities, to ease
decision making and to enable them to develop their energy efficiency solutions on their
sites. In recent papers (Gourmelon et al., 2015), the fundamental calculation tools
dedicated to the formulation of exergy balances and the evaluation of exergy efficiency
of unit operation has been introduced but no systematic approach was introduced to fill
the gap between the exergy balances display and the retrofit proposals. In this context,
this study aims to introduce a new combined pinch and exergy-based systematic
procedure for analysing and improving existing industrial processes from an energy
viewpoint. The structure of the proposed method is relatively straightforward; however, it
relies on original tools and approaches, such as a new graphical representation of the
exergy balance and a case-based reasoning (CBR) system helping engineers to identify an
energy efficiency solution. It should be highlighted that to help the engineer to select the
best solution, an economic analysis should be performed. However, this contribution
rather develops the approach for proposing structural and parametric modifications of
existing processes and does not deal with economic aspects.

The first part of this paper is dedicated to the methodology employed. Each step is
detailed, and the new tools are introduced. In the second part, the proposed methodology
is illustrated through the example of an ammonia processing plant.



2 The COOPERE methodology

As shown in Figure 1, our methodology, which essentially relies on the use of a process
simulation software such as ProsimPlus® developed by Prosim S.A. is broken down into
three main steps: a first step for modelling and simulating the nominal process, followed by
an analysis step. Finally, the methodology is concluded by a retrofit design step.

Figure 1 General presentation of the methodology
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step 2 Analysis of the nominal process
2.1 Evaluation of exergy balance
2.2 Analysis of the Exergetic Ternary Diagram v
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step 3 Retrofit design
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3.2 Global optimisation v

2.1 Step 1: Modelling and simulation

As mentioned above, the first step of the proposed methodology consists of modelling
and simulating the industrial site as close as possible to the real conditions. To do so, as
mentioned by the ADEME — the French Environment and Energy Management Agency —
data collection represents the starting point of any approach that aims to improve the
energy efficiency of a process (ADEME, 2014). This is a prerequisite for an accurate
energetic optimisation; erroneous information on process parameters will systematically
lead to incorrect improvement proposals. These data relate to flow rates, temperatures,
pressures, etc., and enable a simulation model to be validated. Challenges in data
extraction have already been discussed by Gundersen (2013).

Then, the collected data may be exploited to implement a model of the industrial
process within process simulation software. In this methodology, the steady-state
process simulation software ProsimPlus” has been selected. This simulation environment
commercialised by Prosim S.A. has features for automatic stream data extraction on the
basis of a converged steady-state mass and energy balance calculation.

2.2 Step 2: Analysis of the nominal process

The second step consists of an in-depth analysis of the nominal process using an exergy
analysis methodology. As attested by the numerous publications reported by Luis



(Luis, 2013; Luis and Van Der Bruggen, 2014; Tesch et al., 2016), exergy analysis has
been shown to be a powerful tool for assessing and improving the energy efficiency of
thermal and chemical processes. As described by Petrakopoulou et al. (2012), both
conventional and advanced exergy analysis rely on computing the exergy balance, but
also on the calculation of exergetic indicators such as the exergy efficiency. However,
as noted by Asprion et al. (2011) the cumbersome calculations make this kind of analysis
more or less limited to the academic world. To overcome this problem, a complete exergy
analysis tool has already been implemented and is available within the ProSimPlus®”
thermodynamic server Simulis Thermodynamics®. As stated by Gourmelon et al. (2015),
this generic exergy formulations is valid for each physical phase and whatever the chosen
approach for phase equilibria modelling (homogeneous or heterogeneous approach).
Moreover, as SimulisThermodynamics is embedded in ProSimPlus, it is possible to carry
out exergy balance and exergy efficiency calculations for the whole process. In that way,
exergy balances become as simple and automatic to perform as for enthalpy balances.
The defaults assumption for process state, environmental state and standard dead state in
the process simulator are as follows:

e  Process state: The process state refers to the initial state of the system under
study (T, P, z).

e  Environmental state: The restricted equilibrium refers to a state where the conditions
of mechanical and thermal equilibrium between the system and the environment are
satisfied. It requires the pressure and the temperature of the system and environment
to be equal. The state that satisfies the condition of restricted equilibrium with the
environment will be referred as the environmental state (T, P%, z).

e  Standard dead state: In the unrestricted equilibrium not only pressure and
temperature but also the chemical potentials of the substances of the system
and environment must be equal to satisfy the conditions of full thermodynamic
equilibrium between the system and the environment. Under these conditions,
the value of exergy of the system is zero because the system cannot undergo any
changes of state through any form of interaction with the environment. This state of
the system is called the standard dead state (T%, P%, z°).

However, to make the analysis ProSimPlus offers the possibility to modify the
temperature of the environmental state T

Moreover, a barrier that keeps process engineers from using exergy analysis is
their inability to interpret results from exergy calculations. This represents the major
bottleneck for a widespread use of such a methodology. To help the engineer to define
the units of a process that should be first regarded as a source for improvement, it is
convenient to draw graphics such as pie charts, bar charts or even Grassmann diagrams
(Kotas, 1985). However, the latter do not allow the amount of exergy lost/destroyed and
the exergy efficiency of each unit to be represented in the same chart. To make exergy
analysis more understandable and to overcome some of the difficulties in industrial
applications, it was decided to develop a supporting graphical representation of exergy
analysis. After a brief review of exergy analysis, a new graphical representation is
introduced.



2.2.1 Exergy concept

The exergy of a system (B) is defined by Szargut et al. (1988) as the maximum amount of
work that can be obtained by bringing it to equilibrium with the reference environment.
Like energy, there are three kinds of exergy support: material streams, heat streams and
work streams (Dincer and Rosen, 2007).

o Material streams

Neglecting the kinetic and potential parts, the exergy of a material stream may be defined
as the sum of thermal (AT), mechanical (AP) and chemical (ch) exergies, as expressed in
equation (1). Both terms can be computed as proposed by Gourmelon et al. (2015).

o Work streams
The work stream can be computed according to equation (2) (Dincer and Rosen, 2007).
e Heat streams

A computer-aided exergy analysis for energy diagnosis purpose requires a modelling as
close to reality as possible, i.e., modelling utility stream as material stream and not only
as isothermal heat flux. For example, the calorie supply to the process should be
represented as a HP steam flux.

B

‘material

=B + B + B (1)

B

work

w (2)

Using these equations, the exergy balance of any system can be computed. Different to
mass or energy balances that follow the law of conservation, an exergy balance contains a
term I, representing the thermodynamic imperfection, also known as internal losses or the
irreversibility of the system (Tsatsaronis, 2007). Moreover, to refine the exergy balance,
Gong and Wall (2003) proposed making a distinction between waste and utilised streams.
The exergy balance is then rewritten as equation (3). Waste streams are streams that are
directly released to the environment without specific use. Bj, B'a™, B and I,
respectively, represent the exergy input, utilised exergy output, external exergy losses and
internal exergy losses.

B, =Bu™ 4 B 4] 3)

out out

The simple efficiency, which is defined as the ratio of all exergy output to all exergy
inputs is based upon this formulation. It is the easiest formulation to implement in a
process simulator. However such a formulation may provide misleading results for some
unit operation (Gourmelon, 2015; Gourmelon et al., 2015). The sensitivity of the simple
efficiency reduces with increasing quantities of untransformed components, which makes
this kind of efficiency unsuitable for accurate exergy analysis. To provide the user with a
more meaningful efficiency in the simulator, a produced—consumed exergy efficiency
has also been developed. To perform this evaluation, another way to express the exergy
balance of any system is given by equation (4), where AB.ousumed 18 the amount of exergy
consumed by the system and ABpoquced is the amount of exergy produced.

AB

consumed

waste
ABproduced + Bout + I (4)



Exergy analysis, which is based on the simultaneous use of the first and second laws
of thermodynamics, has been shown to be a powerful tool for improving industrial
processes, as it enables one to pinpoint thermodynamical imperfections and to compare
different configurations.

Umeda proposed the heat availability diagram (Umeda et al., 1979). It is a graphical
representation of exergy by plotting the Carnot efficiency against enthalpy. Exergy
change is then represented by the area under the line and the x-axis. The irreversibility of
a heat transfer is given by the area between the total hot curve and the total cold curve.
Later, Linnhoff and Dhole (1992) renamed the heat availability diagram as the exergy
composite curve (ECC). Analogous to the Pinch Technology, an exergy grand composite
curve (EGCC) is proposed for low-temperature processes. This shows the amount of
exergy lost, not by the heat transfer between hot and cold streams, but by heat transfer
between process and utility streams. Although the introduction of the Carnot factor
instead of the temperature in the y-axis provides a direct visualisation of the
irreversibility, the methodology remains suitable only for heat transfer systems (not for
chemical and pressure change processes).

Ishida et al. proposed the enthalpy-direction factor diagram (Ishida and Kawamura,
1982) later renamed as the energy utilisation diagram (EUD) (Ishida and Nakagawa,
1985). This diagram that is, in a way, an extended ECC, plots the energy level vs. the
energy H. Contrary to the simple Carnot factor, the enthalpy level can be applied to all
kinds of energy transformations including physical or chemical systems (Taprap and
Ishida, 1996). The concept of exergy donors (sources) and exergy acceptors (sinks) were
then developed to characterise streams or unit operations that must donate or accept
energy at some energy level. Taprap and Ishida (1996) adopted the EUD for exergy
analysis of a distillation column.

Later, Feng and Zhu (1997) a proposed a “combined pinch and exergy analysis” for
process modifications. They presented the exergy—energy (€2-H) diagram and generalised
the ECC using the Q factor, an energy level introduced by Ishida and Kawamura (1982)
for steady-state flow processes.

For a single unit operation, the exergy—energy diagram proposed by Feng and Zhu
(1997) is similar to the enthalpy—direction factor diagram introduced earlier by Ishida and
Kawamura (1982). The energy level Q is drawn on the y-axis while enthalpy is plotted on
the x-axis. The major difference between the Q—H diagram and the EUD diagram is that
the latter plots the sources and sinks of all unit operation in a consecutive way, while the
former does not consider unit operations, but a set of sources and a set of sinks for the
overall process.

Feng and Zhu (1997) also proposed the idea of a multi-level exergy analysis, but
using the concept of avoidable and unavoidable exergy losses. The first level is a basic
exergy analysis indicating the global performance of a system and pinpointing inefficient
processes. Then, major problems may be identified. Finally, the true potential of process
improvement can be evaluated by making the distinction between avoidable and
unavoidable exergy losses. This approach was then applied for energy optimisation of a
steam power plant (Ataei, 2011) and for the retrofit of an olefin plant by Ataei (2011),
Ataei and Yoo (2010) and Ghorbani et al. (2012) applied the use of an ECC for the
optimisation of a refrigeration cycle in an NGL recovery plant.

Staine and Favrat (1996) established a new diagram representing irreversibility
due to heat transfers as well as those caused by pressure changes and heat exchanger



manufacturing. They proposed to represent it in the Carnot factor vs. heat rate diagram.
This approach is a kind of Pinch extension for environmental impact studies.

Homsak and Glavic (1996) proposed the temperature vs. power availability
(i.e., exergy flow) diagram, in addition to the usual approach in the Pinch technology,
to deal with a heat exchanger where both temperature and pressure are important.
The presented methodology was applied on a simple evaporative process including two
pressure exchangers (expander and compressor). However, this method did not deal with
chemical changes.

More recently, Anantharaman (2006) modified and expanded the concept of the
energy level introduced by Ishida and Kawamura (1982). They proposed a general
methodology for the ELCC construction (Anantharaman, 2011). However, this
methodology does not provide any recommendation for process integration and
improvement: it is “an idea generator rather than a design generator” (Anantharaman,
2011; Aspelund et al., 2007) proposed the ExXPAnD (extended pinch analysis and design)
methodology. This methodology is particularly focused on pressure-based exergy and on
systems that are sub-ambient in temperature. Although this methodology does not
consider any chemical composition change, it provides some hints for improving the
exergy efficiency of thermo-mechanical processes involving phase changes. Note that
the objective of this approach was to reduce the work consumption in sub-ambient
processes by transforming pressure-based exergy into temperature-based exergy. Both
methodologies were applied to the LNG process.

Gundersen el al. (2009) extended Pinch analysis and process integration in order to
consider pressure and fluid phase changes. Later, Marmolejo-Correa and Gundersen
(2012) proposed a new diagram including a new parameter to represent the energy
quality, called the exergetic temperature. The proposed methodology is particularly
suitable for low-temperature systems.

Sahafzadeh et al. (2013) applied a combined pinch and exergy methodology for the
integration of a gas turbine in an ammonia production plant.

There is no graphical way to represent all the aspects of an exergy balance of
chemical processes. To overcome this issue, we propose a new kind of diagram based on
equation (4).

2.2.2 A new graphical representation: exergetic ternary diagram

Three different indicators can be defined by rearranging equation (4), providing the
engineer with an estimate of the general usage of the exergy consumed by the system:

AB ‘ Bwaste
1 — produced + out + I (5)
AB consumed AB AB

consumed consumed

First, the intrinsic efficiency (/E) (equation (6)) might be defined as the ratio of exergy
produced to the exergy consumed. Analogously, the intrinsic waste (//%) and the intrinsic
irreversibility (/) are defined according to equations (7) and (8), respectively.

AB ..
IE — produced (6)

consumed
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consumed
Rearranging equation (5) with (6)—(8), we finally obtain equation (9).
IE+IW+1I =1 9)

Consequently, each unit operation may be represented by a point located inside a ternary
diagram. As an example, let us consider a unit operation represented by point A in
Figure 2.

e The intrinsic efficiency (/E) of the unit operation is equal to 10%; this means that
only 10% of the consumed exergy has been used to produce utilised exergy.

e Its intrinsic irreversibility (/1) is 60%: 60% of the consumed exergy is destroyed by
the unit operation.

e Finally, its intrinsic waste (/) is 30%. This means that 30% of the consumed exergy
is lost in waste streams.

The position of the point in the exergetic ternary diagram is a determining factor for the
improvement of a unit operation. First, the engineer has to examine the position of the
point referred to as the vertex /E. The closer it is to this vertex, the more efficient the unit
operation. Consequently, the engineer would prefer first to improve unit operations
located far from this vertex. Then, for these operations, the engineer would prefer for
instance to modify the operating parameters to reduce internal losses (if the point is close
to vertex /7), or to recover a waste stream to decrease the amount of external losses (if the
point is close to vertex /W).

Moreover, one has to consider the absolute value of the exergy loss. To that end, the
point’s size is proportional to the amount of exergy losses in the unit operation. For
instance, unit operation A has a greater exergy loss than point B. The use of such a graph
will be illustrated through the case study.

However, although such a new kind of graph enables the emphasis to be placed on
unit operations that should first be improved, and generally hints at the method of
improvement (reducing internal losses or eliminating exergy waste), it does not provide
the engineer with specific improvement means. To do so, a CBR system has been
developed and is now presented.

2.3 Step 3: Retrofit design methodology

Relying on exergy analysis, the third and final step of the methodology consists of
proposing more energy-efficient alternatives. However, apart from pinch analysis,
which enables solutions to be proposed, no standard methods can be applied to suggest
alternatives for improving processes from an exergy analysis (Taprap and Ishida, 1996).
Exergy analysis simply enables us to quantify exergy losses in each unit operation, and to



compare different process configurations. To help the user in handling exergy data, some
heuristics and general rules have been established (Feng and Zhu, 1997) without specific
alternatives. To overcome this problem, De Jong et al. (1996) proposed combining Al
techniques, and more precisely CBR systems, and exergy analysis to improve industrial
processes. In the chemical engineering field, CBR systems have already been adopted for
process designing (Ataei, 2011; Ataei and Yoo, 2010), separation process design
(Ghorbani et al., 2012; Staine and Favrat, 1996), reactive distillation (Homsak and
Glavic, 1996), mixing equipment selection (Anantharaman, 2011), process alternatives
generation (Anantharaman et al., 2006) and more recently for cogeneration plant design
(Aspelund et al., 2007; Gundersen et al., 2009).

Figure 2 Exergetic ternary diagram (see online version for colours)
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In our proposed methodology, a CBR system is combined with Pinch analysis and
process optimisation in order to propose more energy-efficient process alternatives.
This methodology is subdivided into two steps: proposals for local modifications using a
CBR system and proposals for global alternatives using process optimisation and
pinch technology.

2.3.1 Step 3.1: Local modifications using a case-based reasoning system

CBR systems enable us to go further than rule-based systems (heuristics), as they do not
rely on rules, but on experience (Ataei, 2011). They are based on the assumption that
similar problems have similar solutions. Moreover, knowledge of heuristics can easily be
included in a CBR system (Ghorbani et al., 2012). Included in an exergy analysis
methodology, the CBR system can be used as an ‘idea generator’ for proposing
processes.

The CBR process cycle (Figure 3) consists of a five-step approach (R5 methodology):
Representation of the target problem, Retrieval of similar solved problems, Reuse
of chosen solution, Revise and adaptation of the solution, and finally Retain the



target problem with its validated solution (Marmolejo-Correa and Gundersen, 2012).
Further details about the CBR approach are given elsewhere (Ataei, 2011; Homsak and
Glavic, 1996; Anantharaman, 2011; Negny and Le Lann, 2008; Roldan-Reyes et al.,
2004), Moreover, CBR systems can learn by acquiring new knowledge as cases and
updating the information of the database, thus making maintenance easier (Staine and
Favrat, 1996).

Figure 3 The CBR process
Target problem

Represent

New Case

Retrieved
Case

Learned case

Validated solutio

Case base

Solved Case

Revised
and tested
Case

As mentioned above, the first step of a CBR approach consists of representing the
problem. The main goal of case representation is to highlight its main characteristics
and its associated solution. In the outlined approach, the problem is a unit operation or
a set of units that might be constructed as a system generating required outputs for a
given set of inputs. A material stream is defined by its common characteristic, i.e.,
temperature, pressure, flow rate, chemical composition, etc. In the context of an energy
efficiency improvement, some data such as the exergies or the lower heating value
(LHV) might be interesting to characterise a system. Each system is associated
with one main function (e.g., reaction, separation, temperature change, pressure change
and flow change) (Anantharaman, 2011) and with one or several technical functions
ordered according to the flow path. A technical function denotes the objective of a given
piece of equipment, for example, heat, cool, separate, divide, split or react. Lists of
attributes of a problem are given in Tables 1-3. It is worth mentioning that the data
required to define units and problems can easily be retrieved from a ProSimPlus®
simulation file.

e (Case representation



Table 1 List of attributes of problem description

Attributes

Type

Main function

Technical functions

Function

List of technical functions

Inputs Set of material streams
Outputs Set of material streams
IsRecycling Logical
Components List of components
Upstream main function Function
Downstream main function Function

Pinch temperature Numeric

Table 2 List of attributes of material stream description

Attributes Type

Temperature Numeric

Pressure Numeric
Compositions Vector

Flow rate Numeric

Physical state Textual

Thermal exergy Numeric
Mechanical exergy Numeric

Chemical exergy Numeric

Lower heating value (LHV) Numeric
Biochemical methane potential (BMP) Numeric
Table 3 List of attributes of component description

Attributes Type

Name Character string
Formula Character string
Type Hierarchical

Molar weight Numeric

Let us take a heat exchanger to illustrate the problem’s definition. It is possible to define
two opposing technical functions: cooling on the one hand and heating on the other.
As a result, two different problems can be defined: the first by the cold side with ‘heat’ as
a technical function, and the second by the hot side with ‘cool’ as a technical function.
To generalise such an approach, a problem is not defined as a unit operation, but as a set
of materially connected streams undergoing transformations to reach given output

conditions.



Furthermore, in order to improve process energy efficiency, instead of only focusing
on one unit operation, the engineer may prefer to analyse a set of units. To do so,
Rodriguez-Martinez et al. (2004) propose a multi-model representation of a process,
including the concept of an abstraction level. The idea is to generate meta-operation
(a set of unit operations) by using an automated approach of reverse engineering.
This methodology has been adapted in this work.

e Library of cases and cases retrieval

A case in the library is defined by a problem and its associated solution. A completed
database is a prerequisite for proposing relevant solutions. To fill the database, fictitious
problems solved according to heuristic rules have been created. Some process energy
improvement strategies found in the literature were also added to the library. Filling up
the library of cases is a time-consuming task, but as mentioned above, the CBR is kept up
to date in a systematic way thanks to the retaining step.

The case retrieval step is the most important one in a CBR system. It involves
identifying the most similar problems to the target problem. This can be achieved by
computing a global similarity function:

Zj‘:‘ﬁ"“‘e """ @.Similarity (x,,,)]

attribute number
> o,
i=1 ’

where X and Y are two distinct problems, x; and y; are local attributes and @ is a weight
supplied by the user to give more or less importance to each attributes. According to the
kind of attributes (i.e., logical, numeric, textual), different functions have been proposed.
The evaluation of the global similarity function is not discussed here, but was largely
explained in Le Goff (1979). The use of the CBR system will be illustrated through the
case study.

In this section, a CBR tool is introduced to help the engineer to define possible
modifications of the process. Nevertheless, it is worth mentioning that a local
improvement could lead to a global degradation of the global performance of the system
(Cziela et al., 2006). One must then consider these local modifications within the whole
system, in order to judge to their pertinence within the global objective of reducing utility
consumption.

Similarity (X,Y) = (10)

2.3.2 Step 3.2: Global energy efficiency optimisation

The objective of this paper is to propose a methodology to improve the energy efficiency
of existing industrial processes but it should also be used to optimise the structures
proposed for grassroots designs. This involves a decrease of cold and hot utility
consumption, and also of shaft-work consumption. In the previous step, engineers focus
on the proposal for local modifications. In Step 3.2, local modifications are recorded
to generate global alternatives. To this end, one may follow the methodology shown in
Figure 4 that consists of defining a new general structure of the process, determining
the best operating parameters in an energy viewpoint, and synthetising the new heat
exchanger network.



Figure 4 General methodology of step 3.2
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e New general structure definition

Proposals for local modifications are implemented within the global process to build a
general structure: adding or removing unit operations suggested by the CBR system
are realised, and the operating parameters influencing energy efficiency are regarded as
optimisation variables.

This new structure ends with a new list of hot and cold streams whose temperatures
remains unknown. These temperatures may be variable parameters (e.g., preheating
temperature, effluent released temperature, etc.) or may be impacted by other variable
parameters, such as compression discharge pressure or oxygen excess rate in a
combustor.

e Determination of operating parameters

The new structure is then used to determine the best operating parameters. To do so, a
multi-criteria optimisation aims to define the best compromise in terms of cold utility
consumption, hot utility consumption and shaft-work consumption. For this purpose,
Pinch methodology is used to determine the minima of required energy (MER) in
hot and cold utilities. These two data represent the two first criteria to minimise
for the optimisation. The net power represents the third criterion to maximise.
The optimising variables correspond to the variable operating parameters of the new
structure.

e Design of process alternatives

Researching the best compromise then enables the operating parameters to be set.
Therefore, all flow rates and temperatures are imposed and available to build the new
heat exchanger network. Considering several compromises, the engineer can design
different new alternatives.



3 Application: analysis of an ammonia processing plant

To highlight the relevance of the introduced methodology for energy optimisation of a
chemical or thermal process within a process modelling and simulation environment
such as ProSimPlus®, a simplified model of an ammonia production plant from the
literature (Hagi et al., 2013; Tsatsaronis, 1993) has been enriched and analysed as an
illustrative case.

3.1 Process description and modelling
Figure 5 represents the process flow diagram for ammonia production plant from syngas.

Figure 5 PFD of the nominal ammonia processing plant (see online version for colours)
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Along this process. syngas available at 50 bars and 20°C is compressed up to
280 bars in K-101 before entering the production loop though the mixer M-101, syngas
available at 50 bars and 20°C is compressed up to 280 bars in K-101 before entering the
production loop though the mixer M-101. The reacting gas is preheated up to 215°C
(heat exchanger E-102) and sent to convertor R-101. The conversion rate within the
convertor is approximately 30% of nitrogen. The mixture leaving the reactor enables
medium pressure (MP) steam to be produced at 15 bars (E-101). satisfying the preheating
in E-102. A primary condenser (E-103 + S-101 +D-101) enables us to liquefy the
mixture partly by water cooling down to 40°C, and to separate the ammonia from
the unreacted gases. Ninety-five percent of the gases are recovered and sent to the
condensation column; 5% others are purged. The liquefied ammonia is stored.
In the condensation column, cooled by an ammonia refrigeration machine (HP-101),
the recycled gases are cooled down again to recover as much ammonia as possible.



The gases are recycled in mixer M-101. Cold water (7= 18°C) is used as the cold utility
stream. To summarise, streams ‘S10°, ‘S20’, ‘CW2’ and ‘CW4’ (respectively, the purges
and utility outputs) are considered as waste streams, whereas streams ‘S21’ and ‘MPS’
are the production ones. The isentropic efficiency of the compressors is set at 0.8.
The flashes chosen as adiabatic and isobaric are truly reversible.

The thermodynamic properties are computed thanks to the Soave—Redlich-Kwong
(SRK) equation of state. The process is modelled and simulated in ProSimPlus®;
heat losses to the environment have been neglected. Mass balances are available in the
supporting information file.

Table 4 Exergy analysis values for the nominal plant
(kW) (kW) 1 (kW) kW) &W) IE(%) I (%) IW (%)

R-101 4351 4266 84.5 0 0 98.1 1.9 0.0
Cooling section  524.1 2227 216.4 0.41 84.9 42.5 413 16.3
D101+S101 0.0 0.00 0.00 42.0 899.5 53 0.0 94.7
Storage 667.7 2.71 11.5 11.49 641.3 0.4 1.7 97.9
Condens. col. 367.3 305.7 37.7 1.00 243 83.3 10.3 6.3
K-101/M-101 641.3 0.00 79.32 0.00 0.00 69.3 30.7 0.0
Whole process 429.5 54.8 1650 63.0 7.5 29.6

Figure 6 Exergetic ternary diagram of the nominal process (see online version for colours)
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3.2 Exergy analysis

Like any exergy analysis, the first step of the methodology consists of computing the
exergy balance. Thanks to the implementation of the exergy calculation within the
ProsimPlus® simulation software (Gourmelon, 2015). exergy balances are automated,
such as mass or energy balances. The results are reported in Table 4 and are graphically
represented in the exergetic ternary diagram in Figure 6.

As recommended above, the analysis should start by the right-hand side of the ternary
diagram, which brings to light the less energy-efficient unit operations. From right to left,
one should first analyse the storage, followed by ‘D-101 + S-101", the cooling section,
‘K-101 + M-101", the condensation column and finally the reactor R-101. As the amount
of physical exergy lost within the storage is relatively low compared to the entire process,
this area may first be left aside. Moreover, the reactor may be also excluded from the
analysis, as it corresponds to the core of the process and should be put away in the first
step of the process analysis and optimisation.

3.2.1 D-101 +S-101

This operation, which includes a purge, is located close to the ‘7/W” vertex. This means
that such an operation is responsible for a large amount of external exergy loss through
stream S10. There are two ways of reducing the amount of exergy loss: increase the ratio
of recovered gases or decrease the amount of purged gases), and valorise the waste
stream. To determine the best potential valorisation technology. one can analyse the
exergy distribution in the waste stream shown in Figure 7. As highlighted in this figure,
mechanical exergy represents the main part of the exergy supported by stream S10. Then,
this stream could be valorised in a mechanical way such as a turbine, for example.

Figure 7 Exergy distribution the $10 waste stream (see online version for colours)
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3.2.2 Cooling section

This area is composed of three heat exchangers (E-101, E-102 and E-103); the source of
irreversibility is the same for these three unit operations, and mainly comes from the high
temperature difference between the hot and cold sides.



3.2.3 K-101 + M-101

This area is composed of a compressor (K-101) and a mixer (M-101). The latter is
responsible for a large amount of exergy destruction. This thermodynamic imperfection
comes from the non-homogeneities between feeds, i.e., a temperature difference and a
chemical composition difference. To determine the main source of exergy destruction,
we propose to simulate the same mixer but considering it as isothermal and isobaric.
The result of this simulation provides us with an idea of the exergy destruction caused by
the chemical composition difference, and that caused by temperature and pressure
differences.

As shown in Figure 8, almost 75% of the irreversibility of mixer M-101 is caused by
a temperature difference between the two feed streams. Then, the irreversibility can be
reduced by mixing the streams as isothermally as possible. Concerning the compressor
K-101, exergy destruction can be reduced by decreasing the input temperature or by
staging the compression.

Figure 8 Irreversibility distribution of the mixer M101 (see online version for colours)
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3.2.4 Condensation column

The major part of the exergy destruction in the condensation column comes from the
refrigeration machine. The ternary diagram has been drawn for this in Figure 9. From this
figure the major sources of exergy destruction of the refrigeration machine are the
two heat exchangers, i.c., the condenser and the evaporator. Irreversibility can then be
avoided by decreasing the temperature differences between the hot and cold sides.
Concerning the evaluation of irreversibility, one must notice that a part of the
irreversibility observed on a system is unavoidable as it is related to the purpose of the
unit operations; for example, a reactor will necessarily display a significant value of
irreversibility due to the chemical reaction. To evaluate more precisely the potential of
improvement of the system, Feng et al. (1996) propose to distinguish the avoidable and
unavoidable parts of irreversibility. To be implemented in the process simulator one
should defined generic formulation for both terms. In the current version of the software,
this calculation has not yet been implemented.



Figure 9 Exergetic ternary diagram of the refrigeration machine (see online version for colours)
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3.3 Retrofit design of the ammonia processing plant

3.3.1 Local modifications: use of a CBR system

Finding alternatives to improve such a process may seem obvious for exergy and process
integration experts, but for experienced users it can be a complicated task. To help the
user in finding alternatives, use may be made of a CBR system tool. Each zone
highlighted in the analysis will be analysed using the CBR system.

e Cooling section

Concerning the cooling section is shown in Figure 10. The purpose is to cool a process
stream down from 458°C to 40°C with medium pressure steam and preheating the reactor
input.

Figure 10 Cooling section of the nominal ammonia processing plant (see online version

for colours)
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From this process area, one may define three different problems for a CBR system.
The first corresponds to the cooling of the process stream (S05 — S08). The second is for
the medium pressure stream production, while the third corresponds to the preheating of
the reactor feed up to 215°C.

Problem 1: Cooling of the process stream

The Pinch temperature of the process is about 140°C; the cooling required on the process
stream is then cross-pinch (from 458 to 40°C). According to Pinch methodology
principles, one has to seek to reduce the cold utility need under the Pinch temperature in
order to reduce the overall cold utility consumption while preserving the process from an
overconsumption of hot utility.

Table 5 describes some attributes of this problem. The CBR tool has identified two
potential solutions to this problem: a unit from a methanol (Greef et al., 2002) and
another one for producing steam.

Table 5 Cooling section — problem description
Target problem

Main Function Temperature change
Technical function Cooling
Inputs (stream name) S05

e  Temperature (°C) 458

e  Pressure (bar) 278

e  Physical State Vapour

e  Flow rate (t/h) 2.9
Outputs (stream name) S08

e  Temperature (°C) 40

e  Pressure (bar) 278

e Physical state Vapour

e  Flow rate (t/h) 2.9
IsRecycling False
Upstream function Reaction
Downstream function Separation

Table 6 summarises main features of problem description for both cases. The solution
adopted to improve the methanol process is to introduce a gas turbine in the cooling
section to recover the heat of reaction by producing shaft-work. This solution has been
adapted for the production of ammonia. Note that this method of improvement was also
developed elsewhere (De Jong et al., 1996).

While the second suggested solution is already implemented in the nominal
processes, the emphasis will be only placed on the first one, consisting of integrating a
gas turbine downstream of the reactor. It should be noted that the higher the feed
temperature of the turbine, the greater the work recovered by the latter that



will be important. It is therefore better to place the turbine directly at the reactor outlet.
Concerning the compressor, the inlet temperature should be as low as possible (Feng and
Zhu, 1997).

Table 6 Cooling section — CBR result

Similar problem

Weight Methanol production Vapour production
Main function 1 Temperature change Temperature change
Technical function 1 Cooling Cooling
Inputs (stream name) - CA-04 23
e  Temperature (°C) 1 280 1482
e Pressure (bars) 1 90 3
e  Physical state 0.5 Vapour Vapour
e  Flow rate (t/h) 0.1 66 35.2
Outputs (stream name) - CA-19 24
e  Temperature (°C) 1 30 561
e Pressure (bars) 1 90 3
e  Physical state 0.5 Liquid—Vapour Vapour
e  Flow rate (t/h) 0.1 66 35.2
IsRecycling 0.5 False False
Upstream function 0.1 Reaction Reaction (combustion)
Downstream function 0.1 Separation Temperature change
Similarity 78% 54%
Solution - Integration of a gas turbine Vapour production

Except for the K-201 discharge pressure that is imposed to 278 bar, this process section
has variables that could impact both the process utility consumption and the investment
cost, i.e., the T-201 discharge pressure, the temperature of stream S07, and the isentropic
efficiencies of T-201 and K-201, for example. All of these parameters should be
optimised in the next step of the methodology, consisting of proposing global
alternatives.

Problem 2: MP steam production

One of the main aims of this study is to reduce the cold utility of the nominal ammonia
processing plant without increasing the hot utility consumption. Then, to reduce the
overall cold utility consumption, it would be interesting to increase the MP steam flow
rate only if there exists a need in the MP steam onsite or on a neighbouring site.
This adds a new parameter for the retrofit design of the global alternative.

Problem 3: Preheating of the reactor feed

This problem is similar to the last one, but with more important constraints. Indeed,
the outlet temperature and the flow rate must remain unchanged. The unique solution



would be to decrease the inlet temperature to increase the need in calories to satisfy the
preheating. To decrease the inlet temperature, one may have to act upon the mixer M-101
or on upstream unit operations such as the compressor K-101.

e ‘K-101 + M-101" section

The detailed analysis of the mixer M-101 enables us to demonstrate that the
high temperature difference between the inlet streams is the main source of exergy
destruction in the mixer M-101. An easy solution consists of promoting isothermal
mixing by heating up stream S15 and a cooling down stream S02 to the mixing
temperature upstream of the mixer, as shown in Figure 11. Table 7 gives the temperature
data for this problem.

Figure 11 Mixer-preheating and precooling to reduce irreversibility (see online version
for colours)
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Table 7 Temperature data for the ‘K-101 + M-101" section

Stream FCp (kW/K) Temperature (°C)
S02 2.67 268

S02’ 88

S15 18 7

S15 88

Tpinch (°C) 140

Introducing heat exchangers upstream the mixer will necessarily generate new hot and
cold streams in the process. Then implementing such modifications, one must pay
attention not to increase hot and cold utility requirement in the process. The rule is to
introduce a new hot stream above the pinch temperature or/and a new cold stream below
the pinch temperature. In our case, the solution would consist in installing:

e one heat exchangers upstream of the mixer to cool S02 stream down to 88°C to
reduce the Minimal energy requirement by E1 MW where:

El = FCpy,, x[(268—140)— (140—88)]=0.2 MW (11)



e one heat exchanger upstream of the mixer to heat S15 up to 88°C that will permit to
reduce the Minimal energy requirement by E2 MW where:

E2 = FCpg,; X (88=7) = 1.5 MW

(12)

Of course, the real pinch temperature will necessarily depend on the final configuration
of the entire process. Both output temperature for S02” and S15” will then be considered
as new variables in the retrofit design of the new alternative configuration. On the other
hand, as the energy, saving is not significant on the stream S02, a new problem consisting
of the compressor and the mixer has been defined (see Figure 12). The CBR tool has
identified two potential solutions for this problem: the first deduced from an ammonia
processing plant and another from a fictitious process. Table 8 summarises main features
of the problem description of both cases.

Figure 12 ‘K-101 + M-

101’ problem
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Table 8 Purge S10 — problem description and solution
Ammonia

Weight  Target problem production Fictitious #3 Fictitious #4

Main Function
Technical function
Inputs (stream name)

. Temperature ( C)
. Pressure (bars)

. Physical state

. Composition

. Flow rate (t/h)
Outputs
Pinch temperature ( C)

Solution

Similarity

10 Waste reduction Waste reduction Waste reduction Waste reduction
S10 S19 1 1
100 40 32,2 25 150
100 278 128,3 100 100
50 Vapour Vapour Vapour Vapour
30 H, (53%); H, (82%); N2 (79%); N, (79%);
N, (11%); Nz (10%); 0, (21%) 0, (21%)
Ar (6%); Ar (1%);
CH,4 (15%); CH,4 (4%);
NH; (15%) NH; (3%)
10 0.12 0.9 1 04
80 Environment Environment Environment Environment
100 140 72 90 90

H
- 2 recovery Heat + Expand  Expand + Heat
membrane

- 6% 67% 52%




The most similar case is a fictitious process built from common rules used in exergy
analysis and defined by Feng and Zhu (1997). Such a solution would not enable the cold
utility consumption to be reduced, but would decrease the amount of shaft-work needed
to run the compression.

e  Purge S10

The purge represents another source of improvement of the process. The stream
temperature is about 40°C and its pressure is 278 bar. The objective is to reduce the
amount of exergy lost in the environment. To do so, we may define a new problem
to be solved using the CBR system; the description is reported in Table 8. As shown in
Table 8, the CBR tool has identified a thermo-mechanical valorisation from fictitious
process #3. Therefore, for the next step, a heating followed by an expansion of the purge
will be studied. Here, two parameters stay unknown, i.e., the preheat temperature and the
turbine discharge pressure.

Table 9 Summary of proposed local modifications
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3.3.2 Global alternatives proposals

Table 9 summarises all the local modifications that were proposed in the previous step.
As mentioned earlier, some parameters appearing in this table that could influence both
the energy consumption and the investment cost still remain undetermined. The next step
consists of determining optimal values for the set of variables that will contribute to
obtain the best compromises in terms of utility consumption. According to Table 10, one
has to determine eight variables (Psos, Perwi> Derwis Baor> Pays> Taiss Tae @0d Byg).
To do so, and as suggested by the methodology, we perform an optimisation considering



the MER of cold and hot utilities and work consumption as criteria. The MER can be
computed according to the problem table algorithm (Linnhoff and Dhole, 1992).
The computation of the MER is realised on a set of hot and cold streams with
undetermined temperatures; these streams are reported in Table 11. To determine these
parameters, the stochastic optimisation module using a genetic algorithm available in
ProsimPlus” has been used. Results of the optimisation are illustrated through the Pareto
surface shown in Figure 13.

Table 10  Summary of undetermined constraints and variables

Stream Temperature (°C) Pressure (bar) Flowrate (t/h)
S05 458 280 2.9
S06 Tsos P € [70; 277] 29
S07 Tgew(Psos) + 5 Psos 2.9
S07’ Tsor 280 2.9
S08 40 280 29
BFW1 40 Pgrwi € [13;20] Dgrwi € [0.5;1.2]
S01 20 50 0.9
Sov’ Tsor’ Py € [80; 277] 0.9
S02’ Tsoo € [40; 270] Pgorr 0.9
S02 Tso 280 0.9
S15 8 280 2.0
S15 Ts15 € [8; 100] 280 2.0
S04 215 280 2.9
S10 40 280 0.1
S10 Ts1o € [40; 400] 280 0.1
S10” Ts107 P07 € [1;277] 0.1
Table 11  Summary of hot and cold stream of the new process structure

Streams Inlet temperature (°C) Outlet temperature (°C)
S06 Ts06 Tgew(Psos) + 5

S07’ Tsor 40

BFW1 40 Tyew(Pgrw1) + 15
So1” Tsor Tsox

S15 8 Ts1s

S03 Tso3 215

S10 40 Tsio




Two points (A and B) from this surface corresponding to two process configurations
were studied. The parameters of configurations A and B are reported in Table 12.

e Configuration A

In configuration A, emphasis is placed on the minimisation of shaft-work consumption.
According to parameters reported in Table 12, one may establish the new list of hot and
cold streams (Table 13) and define a new heat exchanger network (Table 14). The new
process scheme is shown in Figure 14.

Table 12 Operating parameters of configurations A and B

Parameters Configuration A Configuration B
Py 169 277 (= no turbine)
Pgrwi 13 13

Dgrwi 0.5 0.9

Pgorr 192 207

Tsoy 40 40

Ts15 8 (= no heat-exchanger) 8 (=no heat-exchanger)
Ts1o 382 65

Psio0 1 1

Ur min (kW) 340 107

U, min (kW) 0 0

W (kW) —-113 -195

Figure 13 Pareto surface of the tri-criteria optimisation (see online version for colours)
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Table 13  Configuration A — list of hot and cold streams
Streams Inlet temperature (°C) Outlet temperature (°C) 0 (kW)
S06 397.40 55.47 853.04
S07° 109.85 40 261.02
BFW1 40 206.98 395.39
S017 164.91 60 85.78
S15 8.87 56 86.15
S03 84.26 215 339.52
S10 40 382 37.90
Table 14  Configuration A — new heat exchanger network
Cold Stream Hot Stream 0
Heat exchanger ~ Name Tin (°C)  Tout (°C) Name Tin (°C)  Tout (°C) (kW)
NE1 S10 40.0 382.0 S06 396.7 381.5 37.9
NE2 S03 35.0 215.0 S06 250.0 61.9 469.0
NE3 BFW1 138.2 207.0 S06 381.5 250.0 3279
NE6 BFWI 40.0 138.2 S01” 202.3 120.2 67.5
Figure 14 Ammonia processing plant — configuration A (see online version for colours)
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In this configuration, a turbine (T-201) is introduced downstream of the reactor to
produce shaft-work and to bring the stream up to 278 bar again; a compressor (K-201)
must be integrated before the separator S-101. The T-201 discharge pressure is set to 170
bar. Such a modification enables us to recover about 40 kW of work (power generated
by the turbine minus that needed to run the compressor) from the heat generated by



the exothermic reaction within R-101. Moreover, the waste stream S10 is valorised to
generate about 38 kW of shaft-work. Finally, compressor K-101 is staged with an
intermediate cooling. This intermediate cooling enables us to preheat the water before
being vaporised. Once again, the compressor staging enables shaft-work consumption to
be reduced from 209 W for the nominal process to 191 kW for configuration A.
In addition, to reduce work consumption, this configuration also decreases the need for
cold utility from 575 kW for the nominal process to 490 kW for this new configuration.

e Configuration B

The second configuration does not propose the integration of a turbine at the reactor
outlet but rather suggests an increase in the generated steam flow rate. The new heat
exchanger network is reported in Table 15 and the new scheme is shown in Figure 15.

Table 15  Configuration B — new heat exchanger network

Cold stream Hot stream 0
Heat exchanger ~ Name Tin (°C)  Tout (°C) Name Tin (°C)  Tout (°C) (kW)
NEI BFW1 40.0 146.1 S01” 216.5 57.2 131.3
NE3 BFW1 146.1 207.0 S06 457.9 2335 580.4
NE3 S03 313 215.0 S06 233.5 48.4 478.7

Figure 15 Ammonia processing plant — configuration B (see online version for colours)
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Two major modifications allowing an overall decrease in cold utility consumption
are proposed with this scheme. The increase of the amount of steam produced, and the
staging of the compressor K-101, enables the overall consumption to be reduced from
575 kW to 105 kW. Different to configuration A whose modifications intend to reduce
the shaft-work consumption, configuration B promotes the reduction of cold utility
consumption. These two proposals are summarised in Table 16.

Table 16  Summary of the more energy efficient proposals

Consumption (kW) — Gain (%)

Hot Exergy
Config. Modifications Utility  Cold Utility Shaft-work  efficiency
Nominal 0 575 245 63%
Config. A e Turbine (T-201) + Compressor 0 490kW-15% 144kW —-41% 65%
(K-201) integration downstream
R-101

. Two stage compressor (K-101)
(192 bar) with intermediate cooling
(40 C)

. Pressure modification of the
refrigerant (4.6 bar)

. Purge valorisation (preheated and
expanded)

Config. B

Increase of the produced steam up to 0 255 kW -56% 222 kW -9% 64%
0.9 t/h

. Two stage compressor (K-101) (207
bar) with intermediate cooling (40 C)

. Pressure modification of the
refrigerant (4.6 bar)

4 Conclusions

We have proposed a new systematic procedure for the analysis and retrofit design
to improve the energy efficiency of industrial sites. This methodology relies on the
ProSimPlus modelling and simulation environment ability to compute the exergy balance
in a systematic way, in addition to classical mass and energy balances (Gourmelon,
2015). It is based on a combination of exergy analysis, CBR and pinch analysis to help
engineers to define ways of energy efficiency improvements.

First, in order to help the engineer in the interpretation of the exergy balance, a new
graphical representation is introduced. As illustrated through the example of the gas
turbine and the ammonia case study, the exergetic ternary diagram introduced for the
analysis step enables us to prioritise a unit or set of units that be improved. Nevertheless,
this graph could still be improved by taking into account the avoidable irreversibility
instead of total irreversibility (Surma and Braunschweig, 1996; Pajula et al., 2001;
Seuranen et al., 2005). This would enable the true potential to be calculated, in order to
improve the unit operations (Avramenko and Kraslawski, 2006).



Then, traditional exergy analysis approaches found in the literature do not necessarily
lead to alternatives proposals for improving the processes, a CBR system was developed
and presented to help the engineer to make proposals for modification. Its utilisation has
been demonstrated while searching for alternatives of the ammonia processing case
study.

The effectiveness of such a system highly depends on the filling degree of the
database. In the presented case, the database still has to be filled in order to propose more
relevant solutions to the user.

Finally the different alternatives resulting from the application of the methodology
should necessarily be improved using other criteria. First, a more accurate evaluation of
potential improvement of exergy analysis would necessarily require the introduction of
avoidable/non avoidable parts of exergy loss (Balli, 2017; Morosuk and Tsatsaronis,
2008; Hinderink et al., 1996). Moreover, of course, an economic evaluation is required
and the development of a COST module in ProSimPlus software will enable this analysis
and will help the engineer to make an informed decision. A sustainability assessment
should finally be performed using dedicated metrics as suggested by Matzen et al. (2015)
or introducing sustainability directly in exergy evaluation (Stougie and van der Kooi,
2016).

These development planned in the future will necessarily improve the accuracy of
results provided by this approach and will allow its application for retrofit of processes as
well as for the proposal of new designs for innovative processes.
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