The FluxMax Approach: Simultaneous Flux Optimization and
Heat Integration by Discretization of Thermodynamic State Space
[llustrated on Methanol Synthesis Process

Dominik Schack®, Georg Liesche?, Kai Sundmacher®?

®Maz Planck Institute for Dynamics of Complex Technical Systems, Department Process Systems
Engineering, Sandtorstr.1, D-39106 Magdeburg, Germany
b Otto-von-Guericke- University Magdeburg, Department Process Systems Engineering, Universititsplatz 2,
D-39106 Magdeburg, Germany

Abstract

Resource efficiency is a key driver in the chemical industry for both economic and ecolog-
ical reasons. However, often the design of chemical processes or units and the corresponding
heat integration, is divided into two design phases: a flow optimization to identify an opti-
mal design and the subsequent evaluation of the heat integration potential. This procedure
cannot guarantee the identification of the global resource optimum, which increases the need
for a method that can do both simultaneously. This is the aim of the FluxMax approach
that discretizes the thermodynamic state space. The introduction of nodes corresponding to
mixtures, elementary processes and utilities allows the representation of any chemical pro-
cess as a directed graph, which decouples effectively process-based nonlinearities from the
optimization problem. Heat integration is considered by additional constraints. Using the
methanol synthesis process as example, energy-optimal process configurations are identified
that outperform configurations identified in a sequential procedure.

Keywords: Integrated Process Design, Process Optimization, Energy Efficiency, Methanol
Synthesis, Heat Integration

1. Introduction

In the context of energy transition, one of the major goals of the chemical industry is to
substitute fossil feedstock with sustainable technologies and the use of renewable resources.

But even if the focus is on the substitution of feedstock, an increase in efficiency is crucial for
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a successful transition to a more sustainable production of chemicals (International Energy
Agency, 2018). In order to enhance the overall process efficiency, challenges must be faced at
different levels of detail. While at the production system level, more general questions and
early stage decisions of chemical production networks are addressed (Otto et al., 2015, Voll
and Marquardt, 2012, Schack et al., 2018), at the plant level, the aim is the identification
of optimal process configurations, that consists of single process units, such as reactors,
separators, and heat exchangers (Ulonska et al., 2016, Huang et al., 2018, Uebbing et al.,
2019). In contrast, at the process level the performance of single units, such as reactor or
separator, is in the focus (Kaiser et al., 2017, Kefller et al., 2019).

For the design of process systems, mixed integer formulation are often used to account
for the binary decision whether an alternative is active or not (Hartono et al., 2012, Voll and
Marquardt, 2012, Short et al., 2018). However, there are also optimization based approaches
that avoid binary decision variables. Kim et al. (2013) analyzed optimal strategies for
converting biomass into fuels. A (continuous) linear programming (LP) formulation was
derived by considering the yield as a parameter, which led to a linear dependency on the
production capacity. In contrast, Schack et al. (2018) introduced continuous process extent
variables to avoid binary decision variables.

While in many bio-based applications, heat integration is often not of key interest, as
the temperatures are too low (Zondervan et al., 2011, Voll and Marquardt, 2012, Kim et al.,
2013), in most publications, heat integration and corresponding energy reduction potentials
are in the main focus. In general, there are two different approaches to consider heat inte-
gration within optimization based methods: in a sequential procedure the flow optimization
is solved first and subsequently a Pinch-based analysis is performed to evaluate the heat in-
tegration potential (Kokossis et al., 2015, Ulonska et al., 2016, Genger and Agrawal, 2018).
Also the utilization of excess heat to generate electricity is in the focus of recent publications
(Yu et al., 2017, Elsido et al., 2017, Kermani et al., 2018). The advantage of a sequential
procedure is that the complexity of the optimization is usually decreased because no addi-
tional constraints have to be considered to account for the heat integration. However, the

sequential procedure does not ensure the identification of energy-optimal processes.
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To guarantee the identification of the mass- and energy optimum a simultaneous pro-
cedure has to be followed, in which the heat integration is an integrated part of the flow
optimization problem (Papoulias and Grossmann, 1983a,b, Duran and Grossmann, 1986).
The idea of the model proposed by Duran and Grossmann (1986) is to consider all feasi-
ble and non-feasible pinch combinations within the optimization problem and to identify
the feasible pinch by maximization of the total utility requirements. As the number of
additional constraints grows rapidly for complex systems, which makes the solution of the
MINLP problem impossible, the model was further developed, e.g. by splitting the heat
flows into dedicated zones, in which heat integration is allowed (Colberg and Morari, 1990,
Yee et al., 1990, Dowling and Biegler, 2015, Huang et al., 2018). The increasing complexity
is also the limiting factor in the p-graph approach of Friedler et al. (1992). They ended up
with over 10,000 possible heat exchangers in their MILP formulation of a relative simple
superstructure of a single reactor and three separation stages (Nagy et al., 2001).

The infinitely dimensional state space framework (IDEAS), which was first proposed
by Wilson and Manousiouthakis (2000), might help to overcome the challenges of a large
complexity, as they iteratively solve a linear program. In this way, the global optimum is
approximated by increasing the dimension at each iteration. Later, heat integration was
also included in their studies (Holiastos and Manousiouthakis, 2002, 2004) by pre-selecting
possible heat transferring streams.

The methodology of Elementary Process Functions (EPF) was proposed by Freund and
Sundmacher (2008). In a multi-step approach, a matter element was tracked in the thermo-
dynamic state space and an optimal trajectory was calculated. In a final step, the optimal
trajectory was used as the basis for the invention of a real process. The methodology was
successfully applied to catalytic gas phase reactions (Peschel et al., 2010) and multiphase
reactors (Hentschel et al., 2014, Kaiser et al., 2017). Recent developments based on this
methodology also enable the design of so-called tolerant chemical reactors capable of pro-
cessing multiple raw materials (MauBner et al., 2019).

In the present work, we propose the FluxMax approach for the simultaneous mass flux

optimization and heat integration of chemical processes across different length scales by dis-
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cretization of the thermodynamic state space. The focus is on the detailed illustration of
the key features of the FluxMax approach, such as the network representation of arbitrary
chemical processes and the heat integration model, which enables the identification of opti-
mal process and unit designs, depending on the considered length-scale. The introduction of
four different types of nodes allows the representation of the chemical process as a directed
graph, with the edges corresponding to the mass and energy fluxes to be optimized. The
FluxMax approach follows three steps: i) discretization of the thermodynamic state space,
ii) modeling the elementary processes, that characterize the transformation between the dis-
crete state points, and iii) formulation and solution of the flux optimization problem. The
discretization of the thermodynamic state space effectively decouples process-based nonlin-
earities from the network flow problem, resulting in a linear feasible region. In this way, the
conceptual methodology of the linear programming approach (Schack et al., 2016, 2018) and
the decoupling strategy applied in (Liesche et al., 2018) can be used as base of the proposed
approach. By adding additional inequality constraints, heat integration is considered as
integrated part of the flux optimization.

The FluxMax approach is applied to the methanol synthesis process, which is of great
significance for applications in the field of Renewable-to-Chemicals (R2Chem). In particular
the usage as storage molecule of so-called surplus energy raises interest, because methanol
(CH30H) is liquid at ambient temperature. Surplus energy is used to produce hydrogen
(Hy) via electrolysis, which is then converted in a reaction with carbon dioxide (COz) into
methanol. Thus besides beneficial storage properties, the consumption of (CO3) explains
the high significance of methanol in R2Chem applications.

Energy-optimal process configurations are identified by using a linear objective function:
minimizing the total energy requirement. The influence of the considered discretization of
the thermodynamic state space is discussed, as the optimal solution depends strongly on
the considered grid. Using an appropriate discretization, it will be shown that the FluxMax
approach identifies energy-optimal process configurations that outperform those identified in
a sequential procedures, underscoring the importance of a simultaneous approach. Further-

more, the possibility of optimizing the utility network and the corresponding temperature
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levels will be demonstrated.

2. The FluxMax approach

The general idea of the FluxMax approach (FMA) is an effective decoupling of process-
based nonlinearities from the subsequent network flux optimization by discretization of the
thermodynamic state space. The discretization allows the representation of chemical pro-
cess across different lengthscales, which enables the transformation of a nonlinear process
optimization problem into a convex flux optimization on a defined network graph. The
FluxMax approach can be divided into three steps — i) discretization of the thermodynamic
state space; ii) modeling of elementary process functions; and iii) formulation and solution
of the flux optimization problem — that are illustrated in Fig. 1.

The first step comprises the discretization of the thermodynamic state space into ther-
modynamic state points (Fig. 1 (top)). In this way, it is possible to calculate the nonlinear
thermodynamic potentials, such as enthalpy and entropy, a priori. In a second steps, the dis-
crete state points are connected by elementary process functions as shown in Fig. 1 (center).
Depending on the type of design application, these elementary process functions represent
micro changes in the thermodynamic state space that are combined into process units or
fully engineered process units such as distillation columns, reactors and other apparatuses.
Thus, the FluxMax approach is applicable to different levels of complexity: production
system, plant, or even process level. Characteristic quantities of the elementary process
functions, such as specific energy demands, can be calculated a priori, because the linked
thermodynamic state points are defined a priori. Thereby, the nonlinear preprocessing is
fully decoupled from the third step: the network flux optimization under simultaneous con-
sideration of heat integration (Fig. 1 (bottom)). The feasible region of the flux optimization
is linear in terms of the fluxes that are decision variables.

The FluxMax approach — or previous work on which the FluxMax approach is based
on — has been successfully applied to different levels of the chemical process hierarchy: at
the 1) production system level for the systematic analysis of different feedstock and energy

sources of the methanol (Schack et al., 2018) and formic acid production process (Schack
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Figure 1: Illustration of the three-step FluxMax Approach for unit and process design with simultaneous
heat integration: discretization of thermodynamic state space (I), modeling of elementary processes (II),
and formulation and solution of the flow optimization (III); the thermodynamic state space is spanned by
its thermodynamic coordinates (,, where z denotes the number of dimension.
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and Sundmacher, 2018), ii) plant level to compare reactor designs of the energy-intensive
hydrogen cyanide process (Liesche et al., 2019), and iii) process level to optimize the com-
pressor cascade and the reactor part (Liesche et al., 2018) as well as the separation part of
the methanol synthesis process (Schack et al., 2019).

In literature the linearization of the feasible region was also applied previously. Within
the IDEAS framework, the chemical process is divided into a distribution network and
process operator. The resulting infinite linear program allows the identification of a global
lower bound (Wilson and Manousiouthakis, 2000). Recently, Ryu and Maravelias (2019)
proposed a MILP model that uses a discrete temperature grid for the process synthesis
problem. In addition, they showed how nonuniform grids can reduce the complexity of large
scale problems.

In contrast, the formulation of the FluxMax approach is more general: the discretization
of the entire thermodynamic state space and the introduction of a generalized process ex-
tent variable allow the direct application of the approach to any kind of synthesis problem.
In addition, the introduction of inequalities enables the simultaneous consideration of heat
integration as integrated part of the flux optimization problem, so that the prior screening
of feasibility is waived , which ensures the consideration of both the temperature levels and
the heat fluxes actually transferred. In the following, the digraph concept and the model
formulation of the FluxMax approach are presented, which can be regarded as a generaliza-
tion of earlier work, e.g. (Schack et al., 2018, Liesche et al., 2019). Subsequently the novel

heat integration model is introduced, which enables direct and indirect heat integration.

2.1. Directed graph representation of chemical process networks

The decoupling of nonlinear preprocessing and subsequent flux optimization is achieved
by representing the chemical process network as directed graph (digraph) that consists of
nodes and edges. Also Friedler et al. (1992) used a graph representation and introduced
material and operating nodes (Cabezas et al., 2018). In contrast, the FluxMax approach
distinguishes between four types of nodes (or vertices). Firstly, there are thermodynamic

substance nodes (TSN) M; € M where M is the set of all TSNs. TSN represent discrete
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state points in the thermodynamic state space. Secondly, there is the set of elementary
process nodes (EPN) & containing all elementary process nodes E; € £ at which any kind
of chemical interaction among TSNs takes place. The third group of nodes are utility nodes
(UN) U, € U to provide heating and cooling. Herein, U is the set of possible utilities at
different temperatures. A fourth group of nodes — the work utility nodes (WUN) S, — are
contained in the set §. The WUNSs represent the electrical grid that supplies the required
electrical power or distribute the generated power, in case of power generating processes.
The nodes are connected by edges, that represent the mass- and energy fluxes desired to

be optimized. The set of all fluxes is denoted as F.

2.1.1. Thermodynamic substance nodes

Thermodynamic substance nodes (TSN) are discrete points in the thermodynamic state
space as introduced in (Liesche et al., 2018). As a consequence, a thermodynamic substance
node M; is clearly defined by its thermodynamic coordinates (., where z corresponds to a
dimension of the thermodynamic state space. Examples of thermodynamic coordinates are
molar composition [z, s, ...,xi]T, temperature 7', and pressure p. For each temperature,
pressure or composition change a new TSN is introduced. The thermodynamic potentials,
such as enthalpy or entropy, are calculated a priori by using convenient nonlinear equations
of state.

In order to move from one TSN M; to another TSN M, , elementary process functions
(EPF) are required. In Fig. 2 (A) four different elementary process functions are illustrated
for the transformation of TSNs: isobaric isothermal separation (EPF;), isobaric isothermal

reaction (EPF), isothermal compression (EPF3), and isobaric heating (EPFy).

2.1.2. Elementary process node

Elementary process nodes E; are introduced to describe the elementary process func-
tions that enable the chemical transformation among TSNs. The mass fluxes, which are
illustrated as black arrows in Fig. 2 (B), connect an elementary process node with at least
two TSNs. Stoichiometric equations are formulated to describe the transformation between

TSNs analogous to pure substances a € A. Hereby, A C M is the set of pure substances,
8
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Figure 2: Grid of thermodynamic state points (A) in the thermodynamic state space with p, T and x
coordinates. Thermodynamic substance nodes (green) are linked via elementary process functions (magenta):
isobaric isothermal separation (EPF, ); isobaric isothermal reaction (EPF5); isothermal compression (EPF3);
and isobaric heating (EPF4). The digraph representation for EPFs that link two TSN (green circles) M;
and M; 41 via an elementary process node E; (yellow rectangle) is illustrated on the right (B). Work utility
nodes (blue pentagon) and heat utility nodes (red triangle) supply the EPN with duties. Work fuxes (blue
arrows), heat fuxes (red arrows) and molar fuxes (black arrows) link the four node types. The conversion is
described by a stoichiometric equation that is characterized by the generalized process extent number T(E_j).

which are a special case of TSN. As shown in Fig. 2 (B) the generalized stoichiometric
coefficients are denoted as Xg{] i)) . Similarly to the extent of reaction ¢ that is frequently
used for the description of a chemical reactor, a generalized process extent number (PEN)
I is introduced that links all participating TSN of an elementary process node. It can be

interpreted as an extent of the elementary process:

df( E;) _X(E )dN (1)

From Eq. (1) follows that f‘(E].) = 0 if this transformation along E; is inactive. Contrary
to the extent of the reaction that directly affects outlet composition of a reactor flux, the
PENs can be considered as a scaling variable that allows an elegant formulation of the flow
problem by relating each flow of an EPN to a unique PEN.

In addition, heat and work fluxes, illustrated as blue and red arrows, connect EPNs with

utility nodes.
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2.1.3. Utility nodes

Utility nodes U; are introduced to provide the heating and cooling demands of the EPNs.
UNs are considered as reservoirs of heat at a constant temperature level. The external
heating and cooling requirements are fulfilled by at least two UNs at sufficiently low and
high temperature, respectively. In case of indirect heat integration, which is introduced in
section 2.3, the UNs are additionally used to enable the heat integration.

The work utility nodes Sy provide the external power demand.

2.1.4. FEdges representing mass- and enerqy fluzes

In a directed graph the nodes are connected with edges. These edges can be weighted
or limited in a subsequent optimization problem. In the proposed approach, there are two
types of edges. Firstly, there are edges corresponding to mass fluxes that connect at least
two TSNs with an elementary process node. As shown in Fig. 2 (B) these fluxes are either
external or internal mass fluxes (black arrows). In case of external fluxes, the fluxes are
a consequence of initially provided substances, which are desired to be transformed within
the chemical process, or the final products, which leave the overall process. In contrast,
internal mass fluxes are fluxes among elementary processes and thus in- and outlet flows of
the EPNs.

Secondly, there are heat and work fluxes that connect the UNs and WUNs with EPNs

as illustrated as red and blue arrows in Fig. 2 (B).

2.2. Formulation of node conservation laws

In this section, the conservation laws of the introduced nodes are presented, that are used
as equality constraints in the subsequently formulated flux optimization problem. For the
thermodynamic substance nodes only mass balances are formulated, because the thermody-
namic state of a TSN is clearly determined by its thermodynamic coordinates. For utility
nodes only energy balances are formulated as they are not connected to mass fluxes. In
contrast, for the elementary process both mass and energy balances have to be formulated.
It should be mentioned, that in this study the work demand of E; is considered as external

work supply. As a consequence, the energy balance for WUNs is omitted.
10
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Once the elementary processes are described with stoichiometric equations that link
TSNs, mass and energy balances for each elementary process node E; are formulated. In
contrast to the formulation of partial mass balances for each substance in classical modeling
approaches, mass balances for TSN are formulated directly by making use of the PENs I':
all balances have a similar format because they link one TSN M; with the PEN for each

elementary process E; via their stoichiometric coefficients X%A;)):

0= —sgn (x(i)) N + X3y VE €EVMEM . 2)
The energy demands of E; are expressed by the specific, molar heat () and work (w)
duties, which are calculated a priori by suitable (nonlinear) models. The generic system of

three equations that constitutes the total energy balance for unit E; is formulated as:

0= (et i) Fomy + " = Wigy™ ()
ou in 1 ou
0= @(Et) —+ <1 — T]( ])) W(EJ) —+ ( oot 1) t ] F(E Z Q(Ul (Bb)
ih Uei
in T (U
0= —¢lk,) Ly + > fp) (8¢)
U,eld
A Ej €&

where Q1 U ), Q(Ul)) W(‘Efsout, W(eg:)m € RJ. The superscript of an internal flow Q(E )

or QEUji , respectively, indicates the node from which it originates and the subscript its
destination node. It is important to note, that these heat fluxes correspond directly to the

ext, in

external heatmg and cooling supply if no heat integration is considered: ) Q(Ul) = Q(E]-)
ext out
and O'F Uz) S

The reason to spht the overall energy balance into three balances is that in this way the

consideration of a dedicated entropy balances is avoided: Eq. (3a) determines the external
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work fluxes Wexﬁ’in and We’df’ " which depend on the molar work demand win ) OT generation
w?u; of E;. Here, the assumption was made that simultaneous work in- and output is not
allowed, which is fulfilled for the case study under consideration. However, if also work
generating EPNs are considered, the balances are easily adjustable. Eq. (3b) determines the
cooling requirement of E;, that consists of three contributions: cooling duty gp‘(m e.g. due
to condensation and cooling duties resulting from waste heat for work in- and output flows

which is accounted for by means of two efficiency factors n%%j) and n?ﬁj):

win, rev out

in o (E) out .__ (E)
T](EJ) T winj and n(Ej) T wout,]rev (4)

(Ej) (E5)

The third Eq. (3c) determines the heating demand Q ; of E;, which depends on the
molar heat duty go(E]_).

Selected examples of elementary processes and corresponding mass- and energy balances
are listed in the supplementary material in Tab. S1.

After introducing balances for the EPNs, the mass balances for thermodynamic state

nodes are formulated as:

0= sgn ( o ;}) NG9 + NGO, - N80, YV MieM (5)

ext, in
Ej €&

taking into account all internal mass fluxes N, ((E S) that link E; and M; as well as external

or release the final products NM

mass fluxes that provide the initial reactants NM ext, Out

ext in
The sign of the stoichiometric coefficient XEE denotes the direction of the internal mass
flux between E; and M;. No energy balances are required for TSNs, as the thermodynamic
state of all fluxes, that are connected with a TSN, is equal by definition. As a consequence,
two TSNs are not linked directly.

In contrast, for each utility node U; an energy balance has to be formulated, which
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simplifies to a single heat balance:

_ 5 (Ej) ~(Uy) “ext,in “Jext,out
0=">, (sz) - Q(Eﬁ)) +Quw) ~Qu) vuel . (6)

Eng

The sum of all heat fluxes that enter a utility U, — heat fluxes Qgﬁj;t) from E; and

ext,in

externally provided heat fluxes Q(Ul) — have to be equal to all heat fluxes that leave a

U)
Ein

ext,out

utility U; — heat fluxes QE ) to E; and externally released heat fluxes Q(U,)

2.3. Heat integration model

Pinch analysis is widely used to invent optimal heat exchanger networks for a given
process structure, which consists of hot and cold heat streams (Linnhoff and Flower, 1978).
In this context, hot streams are defined as streams to be cooled and cold streams to be
heated. However, Pinch analysis cannot be applied directly to a simultaneous optimization
approach, as the heat duties are decision variables and thus not known a priori. As a
consequence, often a subsequent procedure is proposed in literature: first the flow problem is
optimized without consideration of heat integration and subsequently a Pinch-based analysis
is performed to identify the heat integration potential (Kokossis et al., 2015, Ulonska et al.,
2016, Genger and Agrawal, 2018). These approaches may not identify the overall mass-
and energetic optimum (Duran and Grossmann, 1986). To identify the global mass- and
energetic optimum, a simultaneous procedure is crucial that optimize simultaneously the
flow problem under consideration of heat integration.

While in other approaches the feasibility of heat integration need to be ensured a priori
(Holiastos and Manousiouthakis, 2004, Pichardo and Manousiouthakis, 2017), the FluxMax
approach ensures the feasibility by introducing inequality constraints that enables the si-
multaneous heat integration. Only in this way is the internally transferred heat flux limited,
which ensures an adequate calculation of the actual heat integration potential. The pre-
sented constraints allow direct — among entities — as well as indirect — via utilities — heat
integration.

While for direct heat integration, the heat is directly transferred among entities (Fig. 3 (A)),

13
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Figure 3: Schematic illustration of direct and indirect heat integration; A) direct heat integration: hot (H)
and cold streams (C) interact directly, utilities are only used to provide external heating and cooling at
sufficiently high Ty and low temperature Ty c; B) indirect heat integration: introduction of additional
utilities at intermediate temperatures T 4,1 that facilitate heat integration.

indirect heat integration utilizes the utility nodes to enable heat integration (Fig. 3 (B)).
The maximum amount of internally transferable heat depends on the temperature levels of
cold and hot streams. Analogous to Pinch analysis, cold streams require heat whereas hot
streams provide heat. Three distinct temperature domains can be distinguished, that de-
termine the heat integration possibility depending on the minimum temperature difference
AT i and the in- and outlet temperatures of hot streams Ti i, and Ty out, or of cold streams
Tein and T ou, respectively: domain I: total heat integration possible, domain II: partial
heat integration possible, and domain III: heat integration infeasible. The temperature
condition and classification of hot and cold fluxes are listed in Table 1.

Table 1 shows that a cold stream can be completely heated internally by hot streams
(domain I) if the maximum inlet temperature Tijix of the corresponding hot streams is
higher than the cold outlet stream temperature and a minimum temperature difference,
that ensures a sufficiently large driving force. In contrast, heat integration is infeasible if
the cold inlet stream temperature is larger than the hot inlet stream temperature. In the

other cases (domain II), the cold stream can be partially heated internally. An analogous

classification can be done for hot streams that have to be cooled internally by cold streams
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Table 1: Temperature Conditions for for Classification of Heat Integration Possibility.

Domain Condition Heat Integration
Cold Fluxes
I i) T > T ont + ATmin total
11 i) T < Teooeuw + AT, partial
ii) Ty > T + Alwin
I i) Tis < Toin + ATmin infeasible
Hot Fluxes
I 1) TE + AT < Thout total
I ) Tehn n o+ AT < Tum, partial
) (r]niqul + A,I‘mln > TH ,out
I i) TEn + ATwin > Thjn infeasible

depending on the minimum inlet temperature of cold streams T¢}: (Table 1).

The internal heat fluxes that supply heat to a cold EPN E; are denoted as Qggij ), while
Qggé) ) originate from a hot EPN E;. Hereby, k‘H €€, krncw € & for direct heat integration
and kH ceu, k‘fw € U for indirect heat integration. For stream combinations that belong to
domain I, no inequality has to be formulated, because the heating or cooling demand of the
corresponding EPN can be completely provided internally. However, for combinations that
belong to domain II the maximum amount of transferable heat has to be quantified. Two
subsets of F are introduced: i) the subset .7-"H = {QE;% : € R} | case II satisﬁed} that
contains all the internal heat fluxes that supply heat to a cold EPN E;; and ii) the subset

¢ = {le(;;))) € R | case Il satisfied} that contains all the internal heat fluxes that

release heat from a hot EPN E;. The first subset ﬂ};E] is used to formulate an inequality

for every combination of cold EPN Eijn and possibly interacting hot streams that belong to

domain II:
TmaX - T in,(E;) — ATIIHH . o (ki
< g e - Y O YeEs ek ()
C,out,(Ej) C,ln,(Ej) k:H EICH
Herein, go‘n denotes the specific heat demand of Eln and Ty, the maximum inlet

temperature of the possibly interacting hot streams. K7 c K = {kZ ;) denotes the m-th

row of the set of all permutations of ]—"H’ B , that determine all possibly interacting streams of
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50 cold EPN E;. Illustrated for an example of three possible interacting hot streams (H;, Hy, Hs)

su the set of permutations K equals to:

(Hl \
Hy
Hj
K =<1, H, (8)
H, Hj
Hy, Hjy
\Hl H, H3)
312 In the same way, an inequality for every combination of hot EPN E; and possibly in-

a3 teracting cold streams is introduced by using the specific excess of heat gp‘(’]‘é:), the minimum

—

s inlet temperature of possibly interacting cold streams Tgﬁﬁ, the subset I}?j ’C, and the cor-

25 responding set of permutations K¢, according to Eq. (8):

TH in,(Ej) — Aijln out T
0<— g el le)— Y, Q) YO ekn (9
H,in,(E;) — 4 H,out,(E;) kc e
316 The maximum inlet temperature of possibly interacting hot streams Ty and the mini-

sz mum inlet temperature of possibly interacting cold streams Tg‘;ﬁ are calculated by comparing

ns  the temperatures of the interacting partner streams as shown in Egs. (10a) and (10b).

-

THo = Th; 1
H,in 1?61%); ( k,ln) ( Oa)
Toin — Tk.in 10b
Cin = pin (Tpjn) (10b)
310 After introducing the general heat integration model, in the following two different ap-

»0  proaches — direct and indirect heat integration — are presented, which mainly differ in the
;1 considered sets of permutations Ky and K¢ of possibly interacting hot or cold streams,

12 respectively.

16



323

324

325

326

327

328

329

330

331

332

333

334

335

336

2.3.1. Direct heat integration among elementary process nodes

In case of direct heat integration, the UNs provide the external heating and cooling
at sufficient high and low temperature as shown in Fig. 3 (A). Thus, according to the
classification in three domains the heat fluxes that link UNs and EPNs belong to domain 1.
To enable internal heat transfer, additional heat flux variables QEEJ)) and Qgg])), that link two

EPNs directly, have to be added in the energy balances:

out - 1 7ext, in 1 rext, out
0= ( Wiiy) + WK, )) Pey+We) —We)) (11a)
u in in 1 u
0= [%E) + (1 - 77<Ej>> We,) + <—out - 1) (&, ] Ty — Y Quly — > Q) (11b)
E;) Uelt E;e€
0= Y QE) D (11c)
U,ed E;e€
A Ej cé&

whereby according to Fig. 3 (A), the assumption of only two utility nodes — one at

sufficient high, and one at sufficient low temperature — can be made, which result in:

U ex ,in
Z Q( 1) _ t.) (12&)

U,eud

Z Q(Ul) ext out (12b)

U,ed

Adding the newly introduced internal heat flux variables in every energy balance, as
shown in Eq. (11), and the introduction of inequalities (Eqgs. (7) and (9)), facilitates the
simultaneous consideration of heat integration as a part of the optimization problem. How-
ever, the number of inequalities increase drastically due to the increasing combinatorial
complexity if the number of entities increases. Therefore, in the next section indirect heat

integration via utilities is presented.
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2.3.2. Indirect heat integration via utility nodes

In chemical production plants, heat is usually not transferred directly among individual
process units, but via a network of utilities. Utilities are considered as reservoirs of heat at
a constant temperature, such as steam at a specific pressure, or a sufficiently large water
reservoir (e.g. a river). Depending on the temperature levels of heat demanding or heat
supplying EPN, respectively, the utilities serve either as heat source or sink, as shown in
Fig. 3.

In contrast to direct heat integration, further utility nodes at intermediate temperatures
are considered as shown in Fig. 3 (B). As a consequence, the heat fluxes QEE;% and Qggjl))
that link UNs and EPNs may belong also to domain II and III. As a consequence, additional
inequalities have to be formulated for combinations that belong to domain II, according to
Egs. (7) and (9). However, no additional heat flux variables have to be introduced, as is was
the case for direct heat integration. In this way, the complexity of the resulting optimization
problem is reduced drastically compared to direct heat integration, since the number of
utilities considered is lower than the number of entities, which result in a significant reduction

of considered inequalities.

2.4. Formulation of the optimization problem

The equalities and inequalities constraints result from the conservation laws and the heat
integration conditions. All constraints are linear in terms of the fluxes — mass, heat, and
work — which are decision variables of the optimization problem. The general formulation

of an optimization problem with linear constraints is shown in Eq. (13).

min  f (¢)

@

st. A = beq (13)
Aigp < by
P S P S P

Herein, f is the objective function and ¢ = (N,f‘, Q,W)T denotes the vector of all

decision variables, namely mass fluxes N, heat fluxes Q, work fluxes W, and generalized

18



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

process extent number T.

The equality constraints, that are described by the coefficient matrix A, and the vector
of right-hand sides beq, contain all energy and and mass balances of TSNs, EPNs, and UNs.
In addition, A, contains the information of the coupling of the nodes, that result from the
generalized utilization of stoichiometric equation.

The temperature constraints, that result from heat integration are summarized by the
coefficient matrix of inequalities A;, and corresponding right hand sides b;,. The coefficient
matrices, Ay and A,q, and the solution vectors, beq and bjq, as well as the lower ¢, and

upper bounds ¢, vary depending on the chosen application.

3. Case study

In recent years methanol (CH3OH) has often been discussed as an important energy
storage molecule in Renewables-to-Chemicals (R2Chem) applications (Surya Prakash et al.,
Bertau et al., 2014). The conversion of carbon dioxide and hydrogen generated by electrolysis
is an auspicious way to store so-called electrical surplus energy (Rihko-Struckmann et al.,
2010, Moioli et al., 2019). In particular, the low global warming potential was highlighted by
Konig et al. (2019), while the cost are higher compared to bio-based production pathways.
Low cost for renewable electricity in the range of approx. 2.5 ct/kWh would be necessary
for an economically competitive production (Ouda et al., 2019). This result is consistent
with our previous findings in Schack et al. (2018), where we have also demonstrated the
possibility of an economic production of methanol for a combined use of renewable and
fossil resources. In addition, simple and well-known production technologies (Ott et al.,
2000) and favorable chemical properties of methanol, e.g. CH30H is liquid under ambient

conditions, are reasons for the selection of methanol as a target molecule.

3.1. Methanol synthesis process

While the focus of previous studies, at which the FluxMax approach is based on, was
on the production system level by analyzing the specific methanol production costs and the

corresponding CO, emissions (Schack et al., 2018), or on the process level by optimizing the
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reactor and the compressor cascade design (Liesche et al., 2018), this paper examines the
entire methanol production process at the plant level.

The following six elementary processes are considered to model the methanol synthesis
process : i) isothermal isobaric reaction, ii) isothermal isobaric separation, iii) isothermal
compression, iv) isenthalpic expansion, v) isobaric heating and cooling, and vi) isothermal
isobaric mixing. For each elementary process a distinct elementary process node E; is intro-
duced which is described by a stoichiometric equation introducing stoichiometric coefficients
X(E;)- In addition, each elementary process is characterized by a specific energy demand for
heat (¢) and power (w).

There are many process technologies to chemically activate CO4 by conversion to carbon
monoxide (CO), such as reforming or reverse-water-gas-shift. In Schack et al. (2018) we
showed that the preferred technology depends strongly on the energy source. Therefore,
the COy activation step and corresponding side reactions are neglected in the following,
since the focus of this contribution is on the illustration of the FluxMax approach and its
key features instead of the overall process analysis. This simplification results in only one

reaction equation:

CO+2 Hy, — CH;0H Aph® = —90.77 kJ /mol. (14)

In addition to the technical applied operation conditions, the thermodynamic feasibil-
ity has to be taken into account. Fig. 4 shows the pressure dependence of the chemical
equilibrium and the boiling temperature of methanol. The feasible reaction conditions are
depicted as magenta area. While the maximum amount of methanol in the reactor outlet
is determined by the chemical equilibrium (Fig. 4 A), the minimum reaction temperature is
characterized by the boiling temperature (Fig. 4 B) to ensure that methanol is gaseous.

Due to the simplified reaction system, the reactor outlet flow only consists of condensable
methanol and non-condensable, unconverted reactants. As a consequence, the separation
can be considered as condensation of methanol. Thus, the separation temperature is set to

the boiling temperature of methanol (Fig. 4 B) at the corresponding pressure.
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Figure 4: Illustration of the pressure dependence of the chemical equilibrium molar fraction of methanol in
the reactor xcm,on (A) and of the boiling temperature of methanol (B); the feasible region for the methanol
synthesis reaction is depicted as magenta area.
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The annual production of pure methanol is desired to be 100,000 tcp,on/a. The de-
tailed derivation of the discretization of introduced elementary process can be found in the

supplementary material.

3.2. Objective function

The conservation laws and temperature conditions for heat integration, introduced in
section 2.2 and 2.3, are equality and inequality constraints of the optimization problem. As
the constraints are linear in terms of the decision variables, the feasible region is convex. As
a consequence, the identification of a global optimum is guaranteed for a convex objective
function.

One of the major cost drivers in the field of Renewable-to-Chemicals applications is
energy demand. In order to become more competitive compared to fossil-based processes,
the energy efficiency of the processes must be increased. This study uses the FluxMax
approach to identify energy optimal process configurations. The objective function f is
therefore to minimize the total external energy duty — sum of external heating, cooling, and

electrical energy — which is linear in terms of the fluxes:

5 (Ur) 5 (Ej) 1 rext, in
=Y Q)+ Quy+ > Way (15)

Uet U eu E;e€
A compact form of the linear objective function is given in terms of the decision variables

¢ =(N,I',Q,W)", where N,I', Q, W € F are row vectors:

flp)=ce, (16)

where the entries of the cost vector ¢ = (e, ¢, cg» Cyy) are as follows: ¢y = ¢y = 0 and
Cqixt = Cyyexein = 1. The resulting linear program, applying the objective function Eq. (15)
and the constraints introduced in section 2.2 and 2.3 is presented in the supplementary

material (Eq. (525)).
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s 4. Results

s 4.1. Comparison of sequential and simultaneous procedure

436 This section emphasizes not only the influence of heat integration on the optimal pathway,
a7 but also the need of a simultaneous consideration of heat and mass flux optimization. A
a8 benchmark scenario is defined, which follows the sequential procedure, in which the flow
130 problem is optimized without consideration of heat integration first and the heat integration
w0 potential is subsequently evaluated with the help of Pinch-based analysis (Kokossis et al.,
s 2015, Ulonska et al., 2016, Genger and Agrawal, 2018).

482 Subsequently, the FluxMax approach is applied to the same benchmark scenario. The
a3 two approaches presented in section 2.3 — direct and indirect heat integration — are compared

s+ and discussed.

ws  4.1.1. Benchmark scenario: A sequential procedure

446 In the benchmark scenario, the energy-optimal (Eq.(15)) pathway should be identified if
a7 the feedstock — hydrogen and carbon monoxide — is fed into the process at a temperature
ms  of 25 °C and a pressure of 1 bar and the product — pure methanol — has to be delivered at
mo 25 °C and 50 bar. Since in this first analysis the flux optimization is decoupled from heat
w0 integration, the energy duties have to be provided completely from external sources.

451 The elementary processes introduced in section 3.1 are used to discretize the five-dimensional
s2 thermodynamic state space (molar fractions of the components xco, Tn,, Tcnson; temper-
»s3 ature T'; and pressure p). To illustrate the results in a three-dimensional state space repre-
s sentation, the molar fractions of carbon monoxide and hydrogen are omitted in Fig. 5. The
sss TSNs corresponding to the feedstock and product are marked as a magenta and a green
w6 circle, respectively. In addition, the elementary processes are illustrated as blue thin lines
ss7 - connecting the discrete TSN, illustrated as black circles. For this first analysis, the thermo-
sss dynamic state space is discretized in a coarse grid (45 TSNs) to obtain a benchmark scenario
s0  that allows the comparison with direct heat integration among entities. This is because the
wo fineness of the discretization is limited in case of direct heat integration, since the number of

w1 constraints increases drastically if the number of entities increases, as stated in section 2.3.
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Figure 5: Optimal pathway of benchmark case in the discretized state space; corresponding elementary
processes are represented along the path.

The discrete options for the reaction are two different reaction temperatures — 230 °C and
300 °C — and reactor outlet compositions — zcp,on : 0.10, 0.21, 0.35 and 0.51 (if within the
feasible region depicted in Fig. 4) — leading to different separation tasks. Depending on the
pressure of the different separation inlet compositions resulting from different reaction outlet
compositions, the separation temperature is set to the corresponding boiling temperature of
methanol (Fig. 4 B). To adjust the required temperature and pressure levels, heating and
cooling as well as compression and expansion between TSNs are considered, as illustrated
in Fig. 5 with thin blue lines along the temperature and pressure axis, respectively.

The optimal path (bold blue line) within the thermodynamic state space for the bench-
mark scenario is shown in Fig. 5. The different elementary processes — reaction, separation,
heating, cooling, compression, and mixing — are also assigned to the corresponding path.
First, the reactants — hydrogen and carbon monoxide — are mixed under ambient conditions.

The mixing itself, however, is not visible in the state space representation of Fig. 5, since
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only the molar fraction of the product is depicted, which does not allow a differentiation of
the individual TSNs of the raw materials. The feedstock mixture is then compressed to a
pressure of 50 bar and heated to the reaction temperature of 230 °C. The EPN at lower
temperature of 230 °C is selected because less heating — of the feedstock — and cooling —
of the reaction and products — is required compared to a reaction at 300 °C. The reaction
is performed up to the maximum amount of about 51 % methanol, as the total energy re-
quirement — heating, cooling, and power — is smaller than for the reactor outlet with a lower
methanol content. In this case, either the unconverted reactants would have to be reheated
to the reaction temperature after product separation — resulting in increased heating demand
— or the initial feedstock flow would have to be increased — resulting in a higher heating and
power demand due to increased compression demand. The reaction mixture, which contains
of about 51 % methanol is cooled to condensate the methanol in the separator at 205 °C,
which corresponds to the boiling temperature of methanol at 50 bar. While the unconverted
feedstock is recycled, the pure methanol is finally cooled to the desired temperature of 25 °C.

The optimal pathway requires a total energy duty of about 27.91 MW, which is about
1.85 MW for heating, 20.29 MW for cooling, and 5.77 MW for electrical energy. Cooling and
electrical energy demands are much higher than the heating demand, since the heating is
only required to bring the feedstock to reactor inlet temperature, while cooling is required to
cool the product, the exothermic reactor and the compressor. However, the external heating
demand can still be further decreased if heat integration is taken into account. For the
benchmark scenario a Pinch analysis for the identified optimal configuration was performed
to evaluate the heat integration potential, resulting in a maximum internally transferable
heat flux of approximately 1.62 MW.

In addition, the heat integration potential for the optimized configuration is investigated
using the direct heat integration approach — among entities — and the indirect heat inte-
gration approach — using utilities, introduced in section 2.3. The comparison of the Pinch
result with the prediction of our method shows that the consideration of direct heat integra-
tion lead to the same heat integration potential of 1.62 MW. In contrast, the consideration

of indirect heat integration slightly underestimates the heat integration potential. Since
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heat fluxes can only be transferred to or from utilities at distinct temperature levels, the
calculated internal heat flux depends on the selected temperature levels of the utilities. In
addition, the desired minimum temperature difference AT,,;, influences the calculation of
the heat integration potential for the different methods differently. While two heat fluxes
— one hot, one cold — interact directly in the classical pinch analysis and in consideration
of heat integration among entities, the two heat fluxes interact indirectly via the utilities
in consideration of utilities. Thus AT, is considered twice, because the hot flux transfers
the heat in a first step to the utility — considering AT},;, — and then in a second step to the
cold flux. In order to improve the comparability of all presented heat integration methods,
the calculated internal heat fluxes for the case of considering utilities are not only presented
for ATin = 20 K, but also for ATy, = 10 K, which leads to heat integration potentials of
0.86 MW and 1.51 MW, respectively.

Since the elementary processes in the thermodynamic state space represent unit opera-
tions, the optimal process configuration can also be illustrated as a flowsheet of process units.
Fig. 6 A shows the optimal process configuration of the benchmark scenario identified by
a sequential procedure. The process units — mixer, compressor, heater/cooler, reactor, and
separator — are connected by mass fluxes, which are represented as black arrows. The heat
fluxes are represented by red arrows and the work fluxes by blue arrows. The thickness of the
red and blue arrows corresponds to the amount of the energy flux, represented by the cor-
responding arrow. A thick arrow indicates a high amount energy required or released, while
a thin arrow indicates a low amount of energy. As the orientation of the arrows denotes the
direction of the fluxes, it can be see that electrical energy is required only for the operation
of the compressor and heating only for preheating the reactor inlet stream, which consists
of initially provided reactants and unconverted reactants separated and recycled from the
reactor outlet. The heat integration potential — identified by the classical Pinch analysis and
by the proposed direct and indirect method — results from the possibility to partially utilize
the excess heat of the reactor. The resulting heat flux distributions are shown in Fig. 6 B
and C. It is evident that in both cases a part of the excess heat of the reactor is used to

preheat the reactants. The first heater, which heats the reactants to the temperature of
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205 °C — corresponding to the mixing point of initial reactants and recycled, unconverted
reactants — is completely fed by the internal heat flux and the heat demand of the second
heater, which heats the reactants to reaction temperature, is reduced by about 89.0 % for
direct heat integration and by about 86.5 % for indirect heat integration. This results in
overall percentage reduction in external heat duty of 90.3 % and 87.4 %, respectively.

While direct heat integration — Fig. 6 B — uses the excess heat of the reactor directly
to preheat the feedstock, indirect heat integration — Fig. 6 C — uses a network of utilities.
According to Pinch analysis, the external heat fluxes are provided at the maximum temper-
ature and released at the minimum temperature. This concept of using excess heat of the
reactor to preheat the feed is also applied in reality and is referred to as feed heat exchanger
(FEHE) (Dimian, 2008, Jogwar and Daoutidis, 2015, Dimian and Bildea, 2018).

The first important result is that the FluxMax approach is able to identify the well-
known and and widely used concept of FEHE if applied in a sequential procedure. However,
the strength of the FluxMax approach lies in its ability to simultaneously optimize the flow
problem while taking into account heat integration, which can lead to new, non-intuitive,
process designs. Therefore, the simultaneous approach will be examined in more details

below.

4.1.2. FluzMaz approach: A simultaneous approach

With the benchmark scenario defined above, the influence of simultaneous consideration
of heat integration as an integrated part of the overall optimization problem is investigated.
In addition, the advantages and limitations of the two proposed methods — direct and indirect
— heat integration are presented and discussed.

Fig. 7 shows the optimal pathways for the benchmark scenario considering the two heat
integration methods presented in section 2.3. When analyzing the results, two things are
apparent. First, the consideration of direct and indirect heat integration identifies identical
process configuration. And secondly, the newly identified process configuration differs from
the optimal process configuration identified in the sequential procedure (Fig. 5) of decoupling

the flux optimization from the determination of the heat integration potential.
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Figure 6: Schematic illustration of the optimal process configurations of the benchmark scenario obtained
in a sequential procedure; optimal flowsheet if no heat integration is taken into account (A); additionally
the heat integration potentials for direct (B) and indirect heat integration(C) are shown.
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Figure 7: Optimal pathway in discretized state space obtained in a simultaneous procedure; optimal path-
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In the newly identified optimal configuration, the reaction is not only carried out at the
lower temperature of 230 °C, but also in a parallel reaction at the higher temperature of
300 °C, since in this way the total energy demand is minimized. As the chemical equilibrium
is shifted towards reactants at higher temperatures, however, the reaction is only carried out
to a molar methanol content of 10 % at elevated temperature up. Although the net heating
demand is increased by the additional preheating of the reactants, an even higher amount
of heat resulting from the excess heat of the reactor at 300 °C and the cooling of the reactor
outlet can be integrated internally. The consideration of direct heat integration leads to a
similar total energy requirement of about 24.24 MW (0.016 MW for heating, 18.45 MW for
cooling, and 5.77 MW electrical energy) as the consideration of indirect heat integration.
The following energy duties are calculated depending on the minimum temperature difference
ATyin 1) for AT, = 20 K: 0.479 MW for heating, 18.92 MW for cooling, and 5.77 MW
electrical energy, and ii) for AT, = 10 K: 0.043 MW for heating, 18.48 MW for cooling,
and 5.77 MW electrical energy. While the total energy duty is dominated by the cooling
of the reactor and the electrical energy demand, which is the same as for the benchmark
case, the heating plays only a minor role for the methanol synthesis process. Compared
to the benchmark case, this only leads to a small improvement in the heating demand
reduction. However, it has been shown that the FluxMax approach identifies new process
configurations when heat integration is considered as a part of the flux optimization. To
validate the obtained results, a common Pinch analysis is applied to the novel configuration
leading to a heat integration potential of 1.92 MW. A slight overestimation of the Pinch
result for the direct heat integration (1.93 MW) and a slight underestimation for the indirect
heat integration (1.47 MW or 1.91 MW, respectively) is observed. The overestimation was
also observed in (Schack et al., 2017) and is present when two or more hot entities partially
provide heat to a cold entity. The reason for this is that the inqualities (Egs. (7) and (9))
consider only the initial temperatures and not the actual temperatures that could due to
already internally integrated heat fluxes.

Though, the heat integration potential calculated with the Pinch analysis also shows an

increase in the internally transferable heat fluxes and thus a decrease in externally provided
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energy for the new configuration compared to the benchmark configuration as shown in
Tab. 2. This is a very important result as it underlines the need for a simultaneous procedure
and the ability of the FluxMax approach to identify globally optimal process configurations.
In particular, if the energy duty depends stronger on the heating duty than in the case
scenario under consideration, the FluxMax approach can be a powerful tool for designing
new, non-intuitive, processes (Liesche et al., 2019). The saving potentials listed in Tab. 2
highlight the latter statement. While the FluxMax approach enables the identification of
process structures that almost completely exploit the existing heat integration potential
(approx. 99 % compared to 88 %), the total energy savings for the considered case study
are only slightly increased from approx. 11 % to approx. 13 %, since the external cooling

duty remains high after exploitation of the heat integration potential.

Table 2: Overview of the external heating and cooling duties of the sequential and simultaneous approach
and corresponding saving potentials.

Energy flux No HI Sequential Simultaneous
direct indirect Pinch direct indirect Pinch

External duties
external heating / MW 1.850 0.230 0.340 0.230 0.016 0.043 0.026
external cooling / MW 20.290  18.670 18.780 18.670 18.450 18.480 18.460

electrical work / MW 5.770 5.770  5.770  5.770  5.770 5.770  5.770

total energy / MW 27.910  23.960 24.890 24.670 24.236 24.293 24.256
Savings

saving in total energy / % 0 11.6 10.8 11.6 13.2 13.0 13.1

saving in heating / % 0 87.6 81.6 87.6 99.1 97.7  98.6

The optimum that is identified for indirect heat integration depends on the number of
utilities considered and their temperature levels. The dependency of the number of utilities
on the result is analyzed in section 4.2. It can be stated, however, that even a coarse
discretization was able to identify a configuration with increased internally integrated heat
fluxes. As a consequence, only the indirect heat integration approach is used in the following,
since the computational effort is significantly lower compared to the direct approach, which
allows a finer discretization of the thermodynamic state space.

Fig. 8 shows the flowsheet representation for the optimal trajectory found in the ther-
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Figure 8: Schematic illustration of the optimal process configurations obtained in a simultaneous procedure;
for better clarity, only the flowsheet is shown, taking direct heat integration into account.

modynamic state space. For better visibility the energy flux distribution resulting from
consideration of indirect heat integration is omitted and only the flowsheet with direct heat
integration is displayed. However, the following statements on Fig. 8 also apply to the case
of indirect heat integration, since the general flowsheets are interchangeable. The parallel
reaction at an elevated temperature requires an additional heater to provide the reactants
at higher reaction temperatures and an additional cooler to cool the reaction outlet — with
a methanol content of about 10 % — to the reaction temperature of the first reactor to be
further converted at lower temperature. Besides this change in the reaction part of the
process, the other process units correspond to the configuration of the benchmark process,
shown in Fig. 6.

It can be seen that the excess heat of the parallel reactor at higher temperature and of
the new cooler is completely integrated internally. In this way, the reactants entering the

first reactor, can be better preheated by internal heat fluxes.

4.2. Optimal utility network

The FluxMax approach guarantees the identification of the global optimum if a convex

objective function is used, because the constraints are linear in terms of the decision variables
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as a direct result of the formulation of the FluxMax approach. However, the result depends
strongly on the selected discretization of the thermodynamic state space, as da Cruz and
Manousiouthakis (2017) has shown in their discretization studies. In the previous section,
a coarse grid was used to better visualize the results and reduce the computational time
— in particular when applying the direct heat integration approach. In this section, the
effect of the discretization of utility temperatures of the indirect heat integration approach
is analyzed.

The internally transferred heat depends strongly on the a priori defined temperature
levels of the considered utilities. Since external energy fluxes are also provided or released
via utilities for the indirect heat integration approach, the minimum number of utilities
equals two: one utility at a sufficiently low temperature to provide the external cooling and
one utility at sufficiently high temperature to provide the external heating, respectively.
Fig. 9 illustrates the external heat duty for the scenario introduced above as a function of
number of utilities considered. The temperatures of the utilities are equidistantly distributed
between 5 °C and 420 °C and are listed in Tab. S2.

For the consideration of only two utilities no internal heat transfer is possible and external
heat duty corresponds to the heat duty calculated for the benchmark process (see also Fig. 5).
If one considers utilities at a temperature between these outer limits, the external heating
duty is reduced as a result of the internal heat integration potential. It is evident, however,
that an increase of considered utilities does not necessarily mean a decrease in external
heat duty. The reason for this is that not (only) the number of considered utilities, but
also the particular temperature is decisive for a high heat integration potential. Due to
the equidistant distribution of the temperature levels considered an additional utility affects
all the other temperatures of remaining utilities. In other words: While the probability
of a higher heat integration potential estimated by the indirect approach increases with
an increased number of utilities considered, even a low number of utilities can lead to a
maximum heat integration potential.

For the scenario defined above, an optimal number of seven utilities is found, resulting

in the external heat duty of 43.32 kW. But also the consideration of only four utilities leads
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Figure 9: Illustration of the external heating requirement as a function of the number of utilities considered.
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to an acceptable result. Since an increase in the number of utilities considered could lead
to an increase in costs — which are not considered in this study — the choice of the actual
number of utilities considered in a real world application may differ. However, in this study
— both for the previously presented results and for the subsequent results — the number of

utilities considered is set to seven, as listed in Tab. 3.

Table 3: Optimal number of utilities and corresponding temperatures used in the study.

Utility 1 2 3 4 5 6 7
Temperature / °C 5 74 143 213 282 351 420

In addition to illustrating the impact of the number of utilities, the results presented
demonstrate another key feature of the FluxMax approach: the optimization of utility net-
works. In the case study under consideration, the optimizer selects three utilities — 5 °C,
213 °C, and 420 °C — from the options listed in Tab. 3. Thus, the FluxMax generally en-
ables the identification of the optimal temperature levels of the utilities by introducing a
multitude of utility nodes, which provide heating or cooling at different temperatures. Par-
ticularly when considering distinct cost for the external heat fluxes to provide heating or

cooling at distinct temperature levels, further interesting optimization tasks are facilitated.

4.8. Identification of optimal process designs

In the previous sections, the FluxMax approach was applied to a coarse discretization
of the thermodynamic state space. In this way, key features — such as the simultaneous
consideration of heat integration — could be demonstrated while maintaining an intuitive
understanding of the obtained results. In this section, the focus is on the process optimiza-
tion, which requires a finer discretization of the thermodynamic state space.

The discretization of the whole thermodynamic state space is not done equidistantly,
since there is a distinct operation window for each elementary process. The methanol syn-
thesis reaction is normally performed between temperatures of 230 °C and 300 °C and in a
pressure range of 50 bar to 100 bar (Ott et al., 2000). Therefore, the reaction conditions
were discretized within the technically applied range: the pressure at which the reaction can

take place in steps of 10 bar and the temperature in steps of 10 °C. The extent of reaction
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was discretized in such a way that discrete molar fractions of methanol between zero and
chemical equilibrium — in 0.06 steps — were achieved. To separate the reactor outlet, the
product stream must be cooled to the condensation temperature of methanol to be flashed
into liquid methanol and gaseous, unconverted reactants. The condensation temperatures as
a function of the pressure is calculated by the Clausius Clapeyron equation (Eq. (S11) in the
supplementary material). The resulting discretized thermodynamic state space (810 TSNs)
and possible elementary processes, that connect the TSNs, are shown in the supplementary
material in Fig. S2 .

For the identification of process pathways that optimally convert the feedstock into the
desired product specifications, only indirect heat integration was considered in order to
enable an finer discretization. The number of utility nodes, that provide the external energy
duties and enable the internal heat transfer, is set to seven according to Table 3.

The initial reactants are supplied at ambient conditions — 25 °C and 1 bar — and an
annual production of 100,000 tcp,on/a pure methanol is desired. Two different product
specifications are examined: case A) ambient target conditions of the product (Tiae = 25 °C,
Drarg = D0 bar); and case B) elevated target temperature and pressure of the product (Tia =
150 °C, prarg = 100 bar). The specifications of case A are the same as for the benchmark
scenario. In case B, the methanol is desired to be delivered at increased temperature and
pressure, which may correspond to the case, that methanol is not the final product but an
intermediate, that needs to be further processed.

The optimal pathways in the discretized thermodynamic state space are illustrated in
Fig. 10. In contrast to previously presented results, the connections between TSNs, that
represents the possible elementary process functions, are omitted for better readability. The
optimal trajectory is again depicted as blue line.

Before analyzing the two cases in detail, it can be seen that the desired product speci-
fication only affects the downstream part of the process. Both cases have in common that
the initial reactants are mixed, then compressed to the lowest possible reaction pressure of
50 bar and heated to be converted in two parallel reactors. Most of the reaction is performed

at the lowest possible reaction temperature of 230 °C, while a second reactor is performed
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Figure 10: Optimal pathway in discretized state space for cases A) Tiarg = 25 °C, prarg = 50 bar and B)
Tiarg = 150 °C, prarg = 100 bar.

at evaluated temperature of 290 °C. The parallel reaction at evaluated temperature allows
the utilization of the excess reactor heat fluxes to preheat the reactants as described in
section 4.1 and shown in Fig. 8. Both reactions are carried out to the maximum extent at
the corresponding temperature (Fig. 4), resulting in a methanol outlet fraction of the low
temperature reactor of xcp,om of about 52.5 % and of about 19 % of the high temperature
reactor. While in this case the achieved reactor outlet fractions correspond to the chemical
equilibrium composition, it is important to mention that the FluxMax approach in general
also facilitates the use of kinetic reactor models, as shown in Liesche et al. (2019). The high
temperature reactor outlet stream is cooled and further converted in the low temperature
reactor. Subsequently, the overall reactor outlet stream is cooled to meet the condensation
temperature to separate the unconverted reactants. The unconverted reactants are recycled,
while the pure methanol is brought to the desired product specification in a final step.
Case A results in almost the same optimal configuration that was found when the Flux-
Max approach was applied to the benchmark case (Fig. 7). Due to the increased discretiza-

tion, however, the parallel reaction is performed at a slightly lower temperature of 290°C.
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As can be seen in Fig. 10, the energy duties can be reduced further in this way, because
the amount of external heat duty to preheat the reactant inlet stream of the second reactor
is smaller compared to the benchmark process. The finer discretization of the elementary
reaction process improves the identified optimum. The improvement is very small yet, thus
in this study an even finer discretization was omitted. However, an optimization on an finer
grid would be possible without problems.

The case B differ in the desired target temperature and the target pressure, which requires
additional compression , resulting in increased power consumption. Although the excess
heat of compression must be cooled, the overall cooling duty is smaller compared to case A,
because the product only has to be cooled to 150°C. Interestingly, however, the reaction is
carried out at a pressure of 50 bar not directly at target pressure of 100 bar. The reason
is that compression of one mole of liquid methanol requires less power than compression of
three moles of gaseous reactants — 1 mole of CO and 2 mole of Hs.

The presented results demonstrate that the FluxMax approach can be used for process
design tasks by optimizing the mass- and energy fluxes. Once the thermodynamic state
space is discretized and elementary process defined, the desired reactant and product spec-
ifications are easily adjustable. As a result, the FluxMax approach is very versatile in the
analysis and optimization of different case scenarios. Although this study focuses only on
the identification of energy-optimal processes, in general any objective function could be
applied to the FluxMax. In previous studies, at which the FluxMax approach is based on,
we have already used different objective functions that could be directly applied to the Flux-
Max approach: for the optimization of chemical production networks, minimizing costs and
COg-emission (Schack et al., 2016, 2018), and for the methanol synthesis process, minimiz-
ing capital cost of the compressor cascade and maximizing the kinetic rates of the reactor

part (Liesche et al., 2018).

5. Conclusions

In this paper we presented the FluxMax approach for process design and synthesis under

consideration of heat integration by discretization of the thermodynamic state space. The
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introduction of thermodynamic state nodes (TSN), elementary process nodes (EPN), utility
nodes (UN), and work utility nodes (WUN) enables the representation of the chemical
process as a directed graph, with the edges corresponding to the mass and energy fluxes
to be optimized. All mixtures in the process are uniquely determined by thermodynamic
coordinates and thus assigned to a distinct TSN. The EPNs facilitate the thermodynamic
state change between the TSNs. Therefore each elementary process is described uniformly.
By introducing a generalized process extent number, a stoichiometric equation is formulated
for each type of elementary process. The generalized process extent number is also used to
formulate a continuous flux optimization problem that identifies the optimal pathway within
the discretized thermodynamic state space. The discretization of the thermodynamic state
space effectively decouples the process based nonlinearities from the network optimization
problem, which result in a linear feasible region. By adding additional inequality constraints,
heat integration is considered as integrated part of the flux optimization.

We have applied the FluxMax approach to the methanol synthesis process, which is of
great significance for applications in the field of Renewable-to-Chemicals. A linear objec-
tive function — minimizing total energy demand — was used, resulting in a purely linear
optimization problem. It was shown that the FluxMax approach identifies energy-optimal
process configurations that outperform configurations identified in a sequential procedures,
which highlights the importance of a simultaneous approach. The complexity of the opti-
mization problem was drastically reduced by the introduction of an indirect heat integra-
tion approach. The validation with classical Pinch analysis proved the applicability of the
FluxMax approach to identify novel, non-intuitive process configurations. Furthermore, the
possibility of optimizing the utility network resulting directly from the introduction of utility
nodes was demonstrated.

In addition to the key features of the simultaneous consideration of heat integration and
the unified representation of any chemical process as directed graph by introducing gener-
alized stoichiometric equations, the FluxMax approach has further important aspects: The
FluxMax approach is independent of the considered process scale. The EPNs can correspond

to: i) whole processes for the optimization of chemical production networks on production
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system level, ii) process units for the optimization of chemical processes on plant level, or
iii) elementary processes for the optimization of process units. It is also possible to overlap
different scales by using rigorous models to describe elementary processes of particular inter-
est, while lumped models are used for less important elementary processes. Therefore, the
FluxMax approach is a powerful tool that identifies optimal, non-intuitive, process pathways
and process configurations. Especially if the underlying models are strongly nonlinear, the
challenges of classical nonlinear optimization approaches could be overcome at the price of
a solution which is dependent on the discretization of the thermodynamic state space.

This study showed also the necessity for further work: i) not only the fineness of the
discretization but also the way of discretization — equidistantly, distributed, or adaptively
refined — should be examined as the discretization plays such a major role in the accuracy of
the result obtained, and ii) in this study only shortcut models were used, but the strength
of the FluxMax approach is the possibility to use also sophisticated models to determine
the elementary processes; and iii) the application of the FluxMax approach to distillation
processes will have to be investigated to optimize the energy-intensive downstream part of

the methanol synthesis process in more detail.
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Nomenclature
Acronyms
EPF Elementary Process Function
EPN Elementary Process Node
FEHE Feed heat exchanger

FMA FluxMax Approach
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811
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814

815

816

817

818

819

820

821

822

823

824

LP

Linear programming

MILP Mixed Integer Linear programming

MINLP Mixed Integer NonLinear programming

PEN Process Extent Number

TSN Thermodynamic Substance Node

UN  Utility Node

WUN Work Utility Node

Greek Symbols

«

72

X

AT Minimum temperature difference of heat transfer / K

Pure substance

Vector of decision variables

Generalized stoichiometric coefficient

Arh™® Standard enthalpy of reaction / kJ/mol

r

I

G

Vector of process extent numbers
Process extent number / mol/s

Extent of reaction / mol/s

Efficiency factor of work consumption / -
Molar work duty of an EPN / kJ/mol
Molar heat duty of an EPN / kJ/mol

Thermodynamic coordinate of z-th dimension
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Latin Symbols
N Vector of mass fluxes
Vector of heat fluxes

Q
W Vector of work fluxes

N Mass flux / mol/s

Q Heat flux / kW

W Work flux / kW

A Coefficient matrix of constraints

b Vector of right-hand sides
C Vector of cost factors

X Vector of molar fractions
P Pressure / Pa

T Temperature / K

x Molar fraction / -

C Cold stream

E; Elementary process node j
f Objective function

H Hot stream

M;  Thermodynamic substance node ¢

Sk Work utility node k

42



845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

U, Utility node [
Indices

eq Equality

ext  External flux
in Inlet flux

int  Internal flux
iq Inequality

Ib Lower bound
max Maximum
min  Minimum
out  Outlet flux
ub Upper bound
util  Utility

Other Symbols

A

&

Set of all pure substances «

Set of elementary process nodes E;

Set of all fluxes

Set of all permutations of internally heat transferring streams
Set of all thermodynamic substance nodes M;

Set of utility nodes U,
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