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Even though biomass is attracting increasing interest as a raw material in the chemical and the fuel industries, only few
biobased production processes are yet established. At the same time a lot of new catalytic routes are proposed, but their
potential in biorefinery applications is hard to predict. Reaction network flux analysis (RNFA) is introduced as a novel,
rapid screening method which bridges the gap between chemo- or biocatalysis and process design by (1) systematically
identifying and (2) subsequently analyzing and ranking the large number of alternative reaction pathways based on limited
data. This optimization-based method helps to detect promising production routes as well as bottlenecks in possible
pathways. The potential and the application of the RNFA methodology will be demonstrated by means of a case study for the
production of the potential biofuel 3-methyl-tetrahydrofuran (3-MTHF) from the platform chemical itaconic acid (IA).
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Introduction and Motivation

Due to the limited availability of fossil resources and due
to the increasing effort to reduce carbon dioxide emissions,
the switch from fossil to renewable feedstock for the produc-
tion of chemicals and fuels has recently attracted significant
attention. A sustainable realization of the switch from fossil
to renewable raw materials will require considerable modifi-
cations in production processes and in the established value
chains. Instead of reducing biomass to C; building blocks
(e.g., by gasification) and synthesizing complex molecules
out of it, processes and applications should be designed to
refunctionalize the molecular structures present in native bio-
mass'? in order to exploit the synthesis power of nature to
the extent possible. Such a strategy inevitably necessitates
the exploration of new synthetic pathways and, consequently,
leads to a new range of oxygenated platform chemicals and
products. Recently, many reactions are analyzed for trans-
forming biorenewable raw materials such as sugars or fatty
acids into (platform) chemicals and fuel compounds
(e.g.”™. While some bio- and chemocatalytic routes are
novel, others have been known for a long time and are pres-
ently rediscovered or improved with respect to yield and se-
lectivity (e.g.,577). However, most often these reactions are
proposed by bio- or chemocatalysis research, which typically
focuses on a single or few related reaction steps in labora-
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tory experiments, while the perspective of the full reaction
pathway from raw materials to products in a sequence of
transformation steps is largely neglected. In particular, nei-
ther the pretreatment of the feedstock and the isolation of
the byproducts are considered, nor the performance of the
overall process is estimated.

Systematic process synthesis is an established discipline in
chemical engineering which is documented in a number of
classical textbooks such as those of Douglas,8 Smith,’
Blass'® or Seider et al.'' It has been successfully applied to
many petrochemical process design problems including the
synthesis of reactor systems, separation sequences or heat
exchanger networks and the optimization of the overall pro-
cess for economical performance or energy efficiency. More
recently, process synthesis methodologies have also been
applied to design processes transforming biorenewable feed-
stock into molecular products (see, e.g.,1’13_15). However,
systematic process synthesis has rarely been integrated with
fundamental research on novel reactions and catalysts,
although conceptual design should be considered as early as
possible in catalytic process development to achieve a
“green production”.'® In this context, conceptual design
should not start after the reaction pathway is fixed by chemi-
cal or biotechnological research, but it should rather support
research on reaction steps and sequences by a comprehensive
comparison of alternative pathways as early as possible to
avoid unfavorable production routes right from the start (see,
e.g..”). Such a comparison is supposed to be difficult as most
established methodological approaches require data, which
are only available for actually operating processes,”’18 but
which are largely lacking during fundamental research. A
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number of methodologies have been reported in recent years
for the generation of possible reaction pathways (or net-
works) based on known and conjectured alternatives for each
individual reaction step (see, e.g.,19_21). None of these, how-
ever, considers the evaluation of the reaction pathways from
the perspective of process performance, which is the key
objective of systematic process design.

The evaluation of candidate reaction pathways in biore-
newables processing can be related to flux analysis of a reac-
tion network, a technique which is well established in other
research fields, in particular in metabolic engineering. Flux-
balance models describing the metabolism of a specific orga-
nism are routinely employed to support the design of experi-
ments in order to identify the structure of a metabolic model,
to distinguish between different operating modes of the orga-
nism or to locate the potential for metabolic reengineering of
a pathway.”>** Among others, the method of extreme path-
ways is one of the most promising concepts.24 Here, meta-
bolic networks are modeled in terms of nodes (metabolites),
and arcs (reactions) such that material flows can be traced
from stationary flux balances for all the nodes in the net-
work. As this modeling approach results in an (often largely)
underdetermined system of linear equations, efficient linear
programming (LP) strategies can be applied to find those
flux distributions which maximize a biologically meaningful
objective function.”> Nonisolated optima—that is, optimal
solutions with the same objective function value but different
realizations of the decision variables, i.e., the flows—must
be detected to fully understand the organism’s behavior.
Mixed-integer linear programming (MILP) algorithms have
been shown to be well-suited for this purpose.”® All possible
flux distributions can be represented by linear combinations
of these so-called extreme point solutions.

While the field of application and the overall goals are
totally different, the general concepts of metabolic pathway
analysis can be transferred to the analysis of reaction path-
ways from biorenewable raw materials to desired chemical
or fuel products in order to get first insight into the nature of
the process design problem. While the consideration of
appropriate reaction pathways is part of standard procedures
in process design (see, e.g.,8 or’), a model-based procedure
accounting for different performance criteria is still missing.
Given the strong impact of the reaction pathway on the total
cost of ownership of a process, it is especially important that
all possible reaction pathways are detected and that their
advantages and disadvantages can be assessed quantitatively
in the very early process design stages. Material balances are
obviously well-suited and should be used for a primary clas-
sification of the pathway alternatives. This way, not only the
expected product yield, but also the number and quantity of
all reactants and byproducts can be calculated to support the
estimation of the raw material cost and the development of
sufficient supply strategies. Then, preliminary decisions can
be taken on the handling of high volume byproducts,
whether they can be recycled, sold or used in an integrated
biorefinery for further processing or for energy supply. In
addition, the composition of the reaction product stream pro-
vides an indication about the separation effort required for
the isolation and purification of byproducts. Furthermore,
additional evaluation criteria can be connected to the mass
balance. For example, enthalpies of formation can be utilized
to calculate a possibly rough estimate of the energy needs of
the future process, while toxicity and emission data help to
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predict its environmental impact. Since the mass balance
enables the sizing and costing of the major equipment, a first
economic evaluation can be performed, if cost data for raw
material, products and catalysts are available. These concepts
can also be combined to an integrated product and process
design approach.?’ Overall, the rational process design can
be significantly facilitated by systematically integrating this
knowledge in the analysis of process alternatives.

In this article, we show how methods of metabolic path-
way analysis can be transferred to the analysis of reaction
pathways for future production networks based on biorenew-
able raw materials. It is explained, which analogies of meta-
bolic and reactive pathways can be used and which adjust-
ments for reactive systems must be made to derive the novel
method of reaction network flux analysis (RNFA). After pre-
senting the structure of the network model with its necessary
constraints, adequate solution strategies are discussed, before
criteria for the evaluation of reaction pathways are derived.
Finally, the application of RNFA is illustrated by a case
study for the production of 3-methyl-tetrahydrofuran (3-
MTHF, CsH;(O) from itaconic acid (IA, CsHeO,4), which
has been identified as a platform chemical in future biobased
value chains.'” Altogether, the article presents RNFA as a
rapid screening method for the systematic evaluation of reac-
tion pathways as the first stage of process design.

Methodology

According to the principles of metabolic pathway analysis,
RNFA is introduced as an optimization-based method to sys-
tematically identify and, subsequently, evaluate feasible and
attractive reaction pathways in a given reaction network.
A reaction pathway is defined as the sequence of all the
required reaction steps connecting a (set of) starting and a
(set of) target molecule(s). In order to detect these pathways,
all possible reactions linking raw materials, intermediates
and products are summarized in a network. Then, adequate
optimization techniques are applied to enumerate all feasible
reaction pathways according to a given objective such as,
e.g., the maximization of product yield. Finally, the promis-
ing pathways are classified by various additional evaluation
criteria pointing to reveal the characteristics of the alterna-
tives and to elucidate the problems to be addressed in the
next design phase. In the following paragraphs the different
methodological aspects of RNFA are explained in detail.

Construction of reaction networks and data collection

First of all, a network of the considered reactive system
must be setup as a basis for RNFA. As the analysis results
are sensitive to structural changes in the network, all rele-
vant substances and reactions should be included from the
beginning. Therefore, it is important to properly define the
scope of the analysis. A reaction network could, e.g., sum-
marize all known reactions starting from a specific reactant
or leading to a specific product. In addition, general objec-
tives to be achieved by a reaction sequence can be formu-
lated such as, e.g., an increase of the energy content along
the reaction pathway. However, since modern multistage ca-
talysis opens up a wide range of possibilities to realize a
desired chemical synthesis step, it can hardly be guaranteed
that all options are covered during data collection, especially
if the reactive system is subject to ongoing catalysis
research. The reaction network is not restricted to reactions
which have been successfully demonstrated and reported in
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literature. Rather, speculative reaction steps can be conjec-
tured on purpose by experienced synthesis chemists in order
to analyze the consequences for a reaction pathway, if the
proposed reaction steps were successfully shown in chemical
research.

The generation of the reaction network should be started
with an extensive literature research. Nowadays, web-based
search engines and subject-specific databases facilitate the
screening of the relevant journal and patent literature.
Recently published research results must surely be integrated
in the network, but review articles offer an important, ideally
comprehensive source of information. It is also worth consid-
ering older publications because some interesting reactions
might have been known for a long time, but lately lost atten-
tion due to a variety of reasons. Finally, the literature research
is expanded by experts’ knowledge such that the potential of
innovative ideas and preliminary research results can be cov-
ered by RNFA early in the design lifecycle. Besides, the
existing procedures for an automatic generation of reaction
networks (see, e.g.,lgle) should be considered. In all these
approaches, a set of generalized reaction types must be
defined first. Each reaction type in the set is then instantiated
by means of given reactants and their successive products to
generate the network by some kind of rule-based combinato-
rial algorithm. The application of automatic procedures is par-
ticularly promising in case of complex raw materials. Espe-
cially, in biorenewables processing, the feedstock is of multi-
component nature, because complex mixtures often result
from biomass pretreatment and subsequent depolymerization
of the macromolecules. This feedstock may not have to be
separated into its constituents, but could be converted directly
into mixtures of target compounds, which might qualify as an
end product. This scenario is very likely to occur in case of
next generation biofuel production and very complex reaction
networks inevitably result in such cases.

The structure of the reaction network including the stoi-
chiometric equations is vital for RNFA. Beyond this essen-
tial input data, additional pieces of information about the
network, the reactions and the substances can be included to
improve the significance of the evaluation results. Different
inputs are required depending on the expected level of detail
of the analysis. For example, reaction yields and standard
energies of formations are sufficient for preliminary mass
and energy balancing, whereas the operating points of the
units in the flow sheet must be known for a detailed analysis
such as heat integration. Although the required thermody-
namic property data are easily accessible in databases (e.g.,
DIPPR, Dechema or NIST) for common substances, experi-
mental data are usually not available for industrially less rel-
evant substances. In these cases, property prediction meth-
ods®® have to be applied to derive an estimate of the prop-
erty values of interest from molecular structure. According
to the type of property and the desired accuracy, group con-
tribution methods,”*" (targeted) quantitative structure prop-
erty relations®'*? or even molecular dynamic calcula-
tions**** can be chosen. Nevertheless, if these estimates of
physical property data are used, the uncertainty in the pre-
dictions should be considered in RNFA, for example, by
means of a sensitivity analysis of the solution of the optimi-
zation problem35 or of its reformulation as a robust (worst-
case) optimization problem. Properties with significant
impact on the evaluation results must be validated by experi-
mental measurements for reliable conclusions.
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Modeling of reaction networks

As soon as the network is setup it can be represented as
a graph consisting of nodes and arcs. Here, nodes and arcs
relate to the substances and the reactions of the network,
respectively. Arcs are directed according to the direction
of the reaction and connect more than two nodes, if a reac-
tion has multiple reactants or products. Subsequently, the
stationary material balances of the network can be formu-
lated as

A-f=0. (1)

Here A = (v;;) € Q" is the matrix of the stoichiometric
coefficients v;;. The rows of A refer to the substances I €
{1,...,s} and its columns to the reactions j € {1,...,r}. Following
the generally accepted convention, stoichiometric coefficients
v;; are positive, if a substance 7 is formed, and negative, if the
substance i is consumed by a certain reaction j. The vector
J € R concatenates the molar fluxes of all reactions j, which
are also referred to as normalized reaction rates or extents of
reaction elsewhere.*® Consequently, the (possibly normalized)
molar flow rate of a substance i in a certain reaction j is
obtained by multiplying the reactive flow f; with the
corresponding stoichiometric coefficient v;;. As the entries of
the vector f are restricted to positive values, the matrix A must
also include the raw material supply to the network and the
removal of the end products in order to close the overall
material balance in Eq. 1. To distinguish the different types of
reactions, this equation can be structured as

fi
Az |f2 | =0 2)
I3

(A1 Ay

In the context of reaction networks, A, summarizes the
stoichiometric coefficients of all chemically founded reactions
of the network, while A; and A3 refer to pseudo-reactions to
symbolize the supply of reactants and the removal of prod-
ucts, respectively. The reactions of A; only have a single
product and no reactants, so they can also be interpreted as
sources of the network to provide the necessary amount of all
required materials. In contrast, reactions of A3 can be seen as
sinks because each of them has a stoichiometric coefficient of
—1 for the product to be removed. Such removal reactions
must be formulated for all substances which could possibly be
byproducts in the network, i.e., for all substances which are
formed by certain reactions but not (completely) consumed by
successive reactions. This is the case for desired end products,
but also for intermediates, which may accumulate in the net-
work due to limited conversion. If the product range is not
known exactly, removal reactions must be formulated for all
substances in the network.

Therefore, an alternative, but completely equivalent for-
mulation of the mass balance might be advantageous. In par-
ticular, Eq. 2 can be rewritten to result in

A f=b with A =[AA;], f’:{fl}, b= —A;-fs,

[
3

where all molar product flows are directly covered by the
vector b € R®. With this formulation, the addition of
substances only leads to modifications in the rows of the
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a) basis configuration
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-1 network representation | --------------- | process representation }--

b} extension for multiple reactions c) extension for non-sharp splits

n,

out1

Nout2

Noutk

Figure 1. lllustration of the network and the corre-
sponding process representation to derive
yield constraints for (a) a basis configuration,
(b) an extension to multiple supply and con-
version reactions in the network representa-
tion and (c) an extension to a separation in
the process splitting one feed into multiple
outlet streams.

matrix A’, but no additional removal reactions must be
formulated.

Ideal reaction performance is described by the model (Eq.
2), but in reality reactions are limited in terms of conversion
and selectivity or in terms of yield, which is defined as the
product of the former.*® Since these constraints affect the
overall mass balance, they must be included in the network
model. The following definitions are based on reaction yield
since it subsumes the influence of both, selectivity and con-
version. Roughly speaking, yield constraints can be formu-
lated such that only a limited fraction of the incoming flows
can be converted by each applicable reaction. However, the
yield definition for the network model as a multireaction sys-
tem is not trivial because the influencing factors, normally
used to formulate yield constraints, are not directly available
in the network representation, but are rather related to the
processing conditions. Therefore, a relation between the
reaction network representation and a suitable process repre-
sentation will be derived to clarify the corresponding mathe-
matical constraints for the reaction network model. To this
end, important notation and concepts are introduced first by
means of a simple example. Next, they are generalized to
cover parallel and successive reactions with multiple reac-
tants and products.

Figure 1la illustrates a simple cutout of a reaction network
and the associated process flow sheet. The substance S; is
converted by a reaction R; forming the substance S, as the
only product. In both representations, the relevant steps are
marked by the gray boxes, which have the same input and
output streams. The variables f; and b; in the network repre-
sentation have already been introduced as reactive flows,
while the variables n; in the process representation refer to
the total molar flow. The variables of the two perspectives
can be transferred into each other by replacing the molar
flow rates n; by the product of the reactive flow f;, and the
associated stoichiometric coefficient v;;. Consequently, the
molar flow rate ny can be calculated by

no = vi,0/0, 4

assuming that the substance S| is supplied by a reaction Ry,
which is not explicitly shown in Figure 1. If reaction R, is not
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run under full yield, the reactor effluent n; is composed of the
product S, and of unconverted reactant S; according to

ny = by +vafi. Q)

In this case, a separation step is required in the process
flow sheet to split the reactor effluent into streams of desired
composition (i.e., pure components or mixtures of given spec-
ification). If an ideal separation is assumed, the molar flows
n'; and n”| consist of the pure substances S; and S, respec-
tively, and can be related to the network representations by

/
n :b17

l”lll/ = Vz,]fl.

(©)

An explicit separation step is not necessary in the network
representation, since unconverted reactants are directly bal-
anced in the product vector b such that reactions are limited
to the conversion of and into pure substance streams.

Now, the yield of reaction R; can be defined according to
the common convention as

1"
_n vafi
Ypi=—=—"+

no  vigfo @
by dividing the amount of desired product (n”,) by the amount
of the limiting reactant (n,), which is considered to be a pure
substance stream as well. As the yield coefficient Y; is
formulated on a molar basis, it can take values greater than 1,
if several mole-equivalents of product are formed per mole of
reactant. The yield coefficient can be normalized to values
between O and 1 by division with the stoichiometric
coefficients.*

The simple example must be generalized, because sub-
stance S; could be formed and consumed by more than one
reaction as illustrated in Figure 1b. This generalization can
be accommodated in terms of the yield definition by

v2.1f1
Ny N

Sovidfor + 20 Vim
=1 m

=2

Yr1 =

. ®)

where all incoming reaction flows fy, represent the reactant
supply of the node S;,while all exiting flows f,, refer to the
consumption of this reactant. Since the exiting flows have
negative stoichiometric coefficients by definition, the denomi-
nator determines the amount of substance that is available in
reaction R,. Note, that the counter m starts at 2 as the reactive
flow of the considered reaction R; may not be included in the
sum of exiting streams. The formulation in Eq. 8 captures
both, successive and parallel reactions, since it can be applied
to each step in a cascade of successive reactions, while parallel
reactions are covered by the sum of exiting flows.

Finally, equations of type (Eq. 8) can be adopted to
restrict the reactive flow of some reaction j by

Zvﬂ,lﬁ+ Z vi,mfm

fi <y ——— i ©
i

assuming that the yield coefficient Y; is known. Eq. 9 is
utilized as inequality to allow for the determination of a
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flexible flux distribution, which is not limited to the ideal case
of maximal flow rates. These so-called yield constraints must
be included in the optimization problem formulation for all
exiting streams of each substance i excluding removal
reactions, such that they are finally formulated for all reactions
summarized in the matrix A,.

Yield coefficients are ideally available in literature. How-
ever, it must be kept in mind that these yields often stem
from laboratory experiments and cannot directly be extrapo-
lated to the process scale because additional limitations like
heat- and mass-transfer effects have not been accounted for
properly in the laboratory experiments. If no experimental or
theoretical information can be found at all, a reasonable
value can be chosen in the sense of a target yield. In this
case, supplemental sensitivity analyses must be performed to
determine the influence of such choice on the overall per-
formance of the reaction network, in particular, on the yield
of the target products. Alternatively, the yield coefficient(s)
of one or more key reactions can be determined in the
RNFA such that a desired product yield can be reached.
Unfortunately, this leads to a nonlinear model with all the
well-known computational drawbacks. In any case, the speci-
fied or computed yields of not yet established reactions
define a target for catalysis research.

The yield constraints (Eq. 9) are derived under the
assumption of a sharp split into pure components. However,
the modeling framework can be expanded to cover non-sharp
splits. To this end, the generalized concept of a separation
step is depicted in Figure 1c, where the incoming molar flow
n;, is split into N; outlet streams 74y, each of which is
potentially composed of a set of s components. This kind of
separation can be modeled by

Nout ki = Mg iMini kzl,...,Nk,iII,...,S,

Ni
Z M =1,
=

introducing split factors gy ; for each outlet stream k and for
each specific component i.

Of course, there are alternative ways of modeling yield
constraints, which might be advantageous depending on the
application. For example, the composition of the product
mixture can be defined instead of fixing the yield coefficient.
This turns out to be extremely beneficial, if a reaction cas-
cade generates a mixture of defined components with a
known composition or a known composition range, but with
unknown reaction yields in the individual steps. Such alter-
native constraints can easily be implemented in the reaction
network model to describe the performance of the reaction
steps in a different way.

(10)

Formulation of the optimization problem and solution
strategy

The variety of reaction pathways covered by the reaction
network can be detected by solving the network model. In
most cases the network contains more reactions than sub-
stances because a substance can normally be synthesized by
more than one reaction. Hence, the corresponding system of
mass balance equations is underdetermined and has an infi-
nite number of solutions. In this context, a solution denotes
the flux distribution associated with a certain reaction path-
way containing all active reaction steps from raw material to
target product. Instead of taking additional assumptions or
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fixing additional constraints, mathematical optimization tech-
niques are applied to find the best possible reaction pathway
according to some suitably chosen objective function. The
optimization problem for the network model can be formu-
lated as

o
min{ -
f'b ’
b, (11)
st A f =b,

f,6>0,

¢, represents the measure of the different objectives. The
maximization of the overall product yield is certainly one
appropriate objective function; alternative performance mea-
sures will be introduced in the next section. If more than one
objective should be considered, special solution strategies
must be applied. In general, the resulting multiobjective
optimization problem can either be solved by optimizing the
weighted sum of the single objectives or by minimizing one
objective while constraining all others by a certain upper
bound.?” Multiple objectives are especially useful, if compet-
ing objectives should be investigated. For example, economic
criteria have shown to be in conflict with thermodynamic or
ecological criteria in process design (see, e.g.,38_40). In the
context of RNFA the information for the calculation of
detailed performance criteria is not available, such that more
fundamental indicators must be defined. In principle, even the
target molecule or the set of target molecules can be
determined as part of the optimization procedure, but the
optimization problem becomes easier, if they are chosen a
priori by integrating RNFA in product design approaches.”’

Most likely, several reaction pathways will fulfill the
requirements and share the same value of the objective func-
tion. However, even though the pathways might have the
same objective function value (i.e., the same product yield);
they differ at least in their flux distributions. This means that
a target molecule can be synthesized by multiple reaction
routes. These so-called alternate optima are particularly plau-
sible because ideal reaction yield coefficients are assumed,
i.e., yield constraints as introduced by means of Eq. 9 are
not present. Consequently, all optimal reaction pathways,
i.e., all extreme point solutions of problem (Eq. 11), need to
be known to enable a comprehensive evaluation. The infin-
itely many flux scenarios can then be represented by linear
combinations of these extreme point solutions.® In order to
obtain the complete set of alternate optima, different solution
strategies have been developed (e.g.,41’42). Lee et al.® pro-
pose an algorithm, which is easy to implement. Here, binary
variables are introduced to indicate active reaction steps.
Then the model is integrated in a recursive mixed-integer
problem (MIP), which includes constraints for changing the
so-called basis variables in each iteration step. In this way
new reaction pathways with different combinations of active
reaction steps are identified until no other solution with the
same objective function value is found.

The sketched solution strategies are widely used in meta-
bolic pathway analysis (e.g.,”**"), but some specific charac-
teristics must be kept in mind in a RNFA application. Yield
constraints are not considered in the identification step,
because they would cause a different objective function
value for each pathway such that the pathways would not be

June 2012 Vol. 58, No. 6 AIChE Journal



Table 1. Definition of Evaluation Criteria for RNFA

evaluation criteria Definition
mass balance criteria raw materials fi
main reactant Sireactant
hydrogen fim
by-products b;
water bino
carbon dioxide bcoz
. blargel
product yield Yirger = 7—— (12)
f 1 reactant
carbon efficiency 0t = M (13)
> (A1 -f1)iNci
i=1
number of reaction steps Ng
energy efficiency
energy criteria
combustion nE‘wm _ »blargechom,larget (14)
(Al 'fl)iHcomj
i=1
formation pEform — :blargeleorm,largel (15)
Z (Al 'f|),'Hf0rm,i
i=1
cost criteria
investment costs IC=3. IOG(AE)O.M (16)
total annualized cost TAC = IC.i A‘v A 1
C—m‘*‘i( S1):Ci (07)
i=1
brareetC — G
raw material cost Crnax.reactant = el 10407 (18)
f 1 reactant
total annualized revenues TAR = biargeiCrarger — TAC (19)

identified as alternate optima by the algorithm. Furthermore,
the solution algorithms are limited to linear problems. They
can only be utilized in RNFA, if linearity is retained in the
pathway identification step. Hence, yield and other nonlinear
constraints are added in a subsequent analysis step, where
the promising reaction pathways can be categorized by a
number of (nonlinear) evaluation criteria to be introduced in
the following section. In summary, the solution strategy can
be structured in the following steps:

1. Formulation of the optimization problem (Eq. 11)
including the selection of an objective function;

2. Solution of the MIP problem resulting from a reformu-
lation of Eq. 11 to identify all possible reaction pathways
with the same value of the objective function;

3. Inclusion of yield constraints (Eq. 9) and calculation
of alternate evaluation criteria for a fixed reaction pathway;

4. Evaluation and discussion of the reaction pathways
based on selected evaluation criteria;

5. Transformation of the reaction flux data into process
flows, using Eqs. 4-7 and Eq. 10, if desired.

Evaluation criteria for reaction networks
Suitable criteria for the evaluation of reaction pathways
can easily be derived from the mass balance, which is the
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primary source of information in the early design stage. Its
analysis helps to identify promising reaction pathways as
well as reaction bottlenecks. An overview of possible evalu-
ation criteria is presented in Table 1. Here, the criteria are
divided into three groups, namely mass balance, energy and
cost criteria. In the following the individual evaluation crite-
ria will be explained and discussed in detail.

Reaction pathways usually differ in the use of main and
auxiliary reactants as well as in their byproduct formation. In
the first place, the flow rate of the reactant hydrogen fz, and
of the byproducts water by, and carbon dioxide bco, should
be balanced in the context of biomass conversion. In contrast
to fossil feedstock, biomass is a highly oxygenated compound
which typically has to be reduced to less oxygenated products
in order to fulfill the requirements of the intended application.
Oxygen can be removed either in form of water or of carbon
dioxide. While hydrogen has to be supplied to the process in
the first case, a certain fraction of carbon is lost as byproduct
instead of being converted to the actual product in the second
case. Hydrogen can only be sustainably produced from solar
water splitting as any process relying on reforming of fossil
or renewable raw material will also contribute to a carbon
loss due to release of carbon dioxide. This tradeoff must be
considered comparing the different reaction pathway alterna-
tives either indirectly by assessing the hydrogen demand and
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the carbon loss or be including the hydrogen generation path-
way into the reaction network.

Furthermore, the mass balance of the reaction network
also provides an estimate of the required additional reactants
as well as of the expected byproducts and their molar
amounts. The analysis, thus, diagnoses requirements on sub-
sequent process design related to the supply of raw materi-
als, the handling of byproducts and the separation tasks
required. Generally, these evaluation criteria can be dis-
cussed considering two different scenarios: Either how much
raw material is required to produce a certain amount of
product or how much product can be produced from a
defined amount of raw material.

Both aspects are covered by the overall product yield Yi,.
ect» Which is certainly one of the most important performance
indicators. According to Eq. 12 (see Table 1 for Egs. 12—
19), it relates the (molar) amount of the product component
target to the amount of consumed limiting feedstock. If the
yield coefficients of the individual reaction steps are chosen
to be less than one— the most common scenario in prac-
tice—, the overall product yield also reflects the influence of
the number of reaction steps in a reaction pathway. The
number of reaction steps can also be counted as independent
evaluation criterion because pathways with fewer reaction
steps are more desirable at the same yield due to the lower
operational and investment costs expected.

Even though the overall product yield is a widely-accepted
evaluation criterion, it does not always reflect all aspects of
a reaction pathway properly. Since the yield is only calcu-
lated based on the amounts of product and limiting main
reactant, it is, e.g., not suitable for a comparison of synthesis
routes, if they do not share common sets of main and auxil-
iary reactants and products. Therefore, more capable effi-
ciency indicators must be introduced. One example is the
carbon efficiency nC, which is defined in Eq. 13 as the ratio
of the molar amount of carbon in the desired product to the
one in the raw materials, whereas the number of carbon
atoms per molecule is given by Nc. The carbon efficiency
can also be interpreted as atom economy as postulated in the
principles of ‘“green chemistry”,43 defined for carbon.
Depending on the reaction pathway, this and similar evalua-
tion criteria may be correlated with the overall product yield
and also with each other such that it might be sufficient to
involve only one of them in the analysis.

Besides the performance indicators derived from the mass
balance, a number of criteria can be defined to evaluate the
energy balance of a reaction pathway. The energy efficiency
nE can be determined based on Egs. 14 or 15, where either
the enthalpy of combustion H.,y, or the enthalpy of forma-
tion Hy,y, at standard conditions is employed. In both cases,
the energy stored in the desired product is related to the
energy supplied by all reactants. While the energy efficiency
of combustion focuses on the future application (i.e., the
combustion in an engine), the energy efficiency of formation
rather stresses the quality of the production process. The use
of enthalpies at standard conditions is inevitable, because the
operating temperatures of the reactions are typically not
known. This lack of information is also an argument against
the use of more telling exergy efficiencies to replace energy
efficiencies. Furthermore, even if operating temperatures and
pressures of the reactions would be known, specific entropies
required to evaluate exergy efficiencies are often not avail-
able and are hard to predict for the substances of interest.
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As operating conditions are not known for most reaction
steps, a simple energy balance for each reaction pathway can be
based on the calculation of the reaction enthalpy AH given by

N

N
AI—IR - Z binormJ - Z (ALfl )inOrm,ia (20)
[ i=1

where Hyom; are the enthalpies of formation at standard
conditions (25°C) for each substance i. Although this overall
energy balance of a reaction route is dominated by the choice
of the main raw material and the product,27 candidate
pathways differ in their energy balances due to different
reaction yields as well as due to the diverse combinations of
(auxiliary) reactants and byproducts. Again, this becomes
especially important, if reaction routes are compared, which
do not start from the same feedstock or which do not form the
same main product. Simple energy balances, which can be
stated with the knowledge available, can provide a foundation
for more complex investigations. For instance, Huijbregts
et al.** show that the cumulative energy demand (CED) is a
good predictor for the environmental burden of a process,*’
because their process evaluations based on the CED lead to
results similar to those from more detailed life-cycle assess-
ment methodologies like the ecological footprint.**” This is
advantageous because the latter methodologies require inputs,
which are not accessible in the early design phase.

Lange®® also pursues the idea of deriving more complex
criteria from a simple energy balance. In particular, he has
introduced Eq. 16 to correlate the investment cost IC to the
energy loss AE of a production system. The investment cost
IC (in U.S-$) are calculated for the year 1993, and the
energy loss AE (in MW) is computed as the difference
between the lower heating values of the feed streams to the
plant and the one of the product stream. According to this
definition, the energy loss AE can be determined from

N
AE = Z (A]fl)l’|HL'om,i| - btarget|Hmm,target|’ (21)
i=1

in the context of RNFA. This equation describes the influence
of the chemical transformation, but does not focus on additional
fuel inputs. If the investment cost /C is known from Eq. 16, the
total annualized cost TAC can be estimated easily from Eq. 17
with the interest rate 7 (a fraction of 1), the integer plant lifetime
n (in years), the raw material cost C; (in $/mol), and the material
flow f; (in mole/year).*” Even though operating costs are not
included at this point, the flux distributions provided by RNFA
enable a preliminary economic evaluation. Of course, Eq. 17
also allows the estimation of product cost required for an
economically benign production. For example, since transporta-
tion fuel prices must lie in a certain range to be competitive (e.g.,
about 1 $/kg), it is also possible to predict the maximal raw
material cost Ciaxreactane ffom Eq. 18 assuming that the
feedstock cost is dominated by this factor. The process can only
be economically favorable, if the real feedstock cost is expected
to be lower than the calculated value, otherwise alternative
supply or even production strategies must be discussed. Or, to
put it another way, Eq. 18 can be reformulated to calculate the
total annualized revenues (TAR), Eq. 19, as a profit measure, if
reliable raw material costs are known. Altogether, the calcula-
tions of investment, total annualized cost as well as revenues and
raw material cost show that important information can be gained
from RNFA, if a basic energy balance is included.
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In addition to the overall energy balance, reaction path-
ways differ in the sequence of reaction enthalpies along the
pathway. Pathways can be compared by plotting the enthalpy
per reaction step over the reaction sequence. Finley et al.>®
present these so-called thermodynamic landscapes for biode-
gradation pathways, but do not discuss them from a process
perspective. In contrast to almost thermoneutral reaction
steps, strongly exothermic or endothermic reaction steps
require heat exchange, which implies the use of additional
heat exchanger equipment and may lead to supplemental
utility cost. Reactions with a strong heat tone are, therefore,
less favorable from an economical perspective. Therefore,
thermodynamic landscapes provide the basis for another
RNFA performance indicator, although the determination of
operating conditions and equipment dimensions would
enhance the accuracy of the analysis.

The list of evaluation criteria can steadily be expanded,
but indicators which require a lot of input data are not eas-
ily applicable in the early design phase.'® Most often, the
collection of data is extremely time-consuming and at the
same time affected by uncertainties. For example, toxicities
and catalyst cost have been considered in a former study51
though their values are prone to significant uncertainty.
Toxicity measures are defined according to risk and safety
phrases, but material and safety data cannot be found for all
substances. Catalyst costs, on the other hand, are hard to esti-
mate since they change rapidly and scale nonlinearly with the
globally required amount. Furthermore, for most of the reac-
tions, a particular catalyst is not known, preventing a sound
cost estimate by principle. Hence, in order to limit the effort
for data collection, knowledge-intensive indicators should
only be applied after a set of promising reaction pathways has
been identified by means of easily accessible criteria, which
can be derived from mass and energy balances.

More complex evaluation criteria are favorably applied for
further discrimination of the promising reaction pathways.
These criteria typically rely on a process perspective and
hence form the interface between RNFA and conceptual pro-
cess design. Examples for such criteria are feasibility and
effort of the separations after each reaction step. The recy-
cling of unconverted feedstock has to be accounted for to
obtain reliable results. Of course, a first layout of the process
structure must be provided, which in turn requires appropri-
ate property data (e.g., vapor pressures) which have been
hardly measured yet for biobased molecular products and are
difficult to predict. Therefore, these evaluation criteria are
often not applicable in pathway analysis.

In summary, all evaluation criteria should help to identify
promising reaction pathways and to discuss tradeoffs
between alternative production routes. Based on these results
the number of promising solutions can be reduced while
increasing the level of detail in the analysis. This way, future
research reaction steps and catalysts can be guided efficiently
by focusing on the still existing bottlenecks which may exist
in otherwise promising pathways.

lllustrative Case Study - Biofuel Production

Sustainable processes for the conversion of whole plants
into fuels are developed in the interdisciplinary research cen-
ter “Tailor-Made Fuels from Biomass” (TMFB) at RWTH
Aachen University.52 The target biofuels are blends of well-
defined oxygenated components with tailored properties for
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novel low-temperature combustion engines. Contrary to other
approaches, selective bio- and chemocatalysis are applied to
preserve the synthesis power of nature. In this context, ita-
conic acid (IA, CsHgOy) is chosen as a key intermediate for
the production of biofuels. IA is a Cs-dicarboxylic acid,
which, for example, can be produced from glucose by aero-
bic fungal fermentation®® and has been considered as one
potential building block for both, specialty and commodity
chemicals derived from biomass.>*

Construction of the itaconic acid network and data
collection

As an example, a reaction network toward fuel compo-
nents starting from IA is built and evaluated in this case
study. Even though the definition of relevant criteria for the
selection of fuel components is an ongoing research
topic,?”>3 it is well known that the energy content of bio-
mass must be increased during biofuel production. Following
this principle, reactions increasing the hydrogen to carbon
ratio and decreasing the oxygen to carbon ratio are inte-
grated in the network. Overall, the network should summa-
rize the range of molecules, which can be produced from ITA
given this state of research in bio- and chemocatalysis. It has
been built based on chemists’ knowledge and on information
retrieved from a detailed literature search using the research
discovery tool SciFinder with access to the CAS databases
and to MEDLINE.?” Most of the reactions can also be found
in a number of recently published review articles (e.g.,”*>%).
In order to limit the complexity of the network, different iso-
meric forms of the molecules are only considered, if they are
crucial for the successive reactions. Currently, the reaction
network is composed of 116 reactions and 80 substances.
Although the reactions are reported in the literature, very little
information on the reactants, products and the reactions exists.
In particular, only a fourth of the starting, intermediate and
target molecules are listed in the DIPPR database.®' Further-
more, yield data are only available for less than 30% of the
active reaction steps. In order to provide a standardized basis
for the evaluation, the required properties are calculated by
Joback’s group contribution method®® for all components
while postponing the impact of inaccuracies in the property
prediction on the results of RNFA at this point. For this case
study, 3-methyl-tetrahydrofuran (3-MTHF, CsH;cO) is chosen
as a target molecule, because of its favorable physical and
combustion properties and the promising results of prelimi-
nary engine tests.’® Supporting information on the network
may be found in the online version of this article.

Modeling, formulation of the optimization problem and
identification of reaction pathways

To detect all possible reaction pathways the general opti-
mization problem in Eq. 11 is refined to result in

max bMTHF
fb

S.[.A/ 'f/ = b, (22)
fim = a,
fb>0.

Its solution identifies (all) the reaction pathway(s) with the
maximal molar yield of the target molecule 3-MTHF, which
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Figure 2. Correlation between the 3-MTHF yield and
the performance indicators (energy and car-
bon, efficiency, annualized investment cost).

Hence, yield can be chosen as the representative crite-
rion in the evaluation of the reaction pathways.

is one component of the product vector b. The main feed
stream to the network (i.e., IA), which is represented by the
flow fi;a, is fixed in order to avoid infinite reaction fluxes
and to allow for a comparison of different solutions. The
value o is chosen to be 1 mol/s in the study. As described
before, the problem is first formulated without yield con-
straints to retain linearity of the problem and is then solved
by MIP. Once all possible pathways are identified, yield con-
straints and evaluation criteria are added and the mass balan-
ces are calculated for all the predefined pathways. If no yield
information is available, the yields of the corresponding
reaction steps are fixed to reasonable values; the influence of
these assumptions is analyzed subsequently.

In total 19 different reaction pathways can be found in the
network solving the optimization problem22 in the general
algebraic modeling system (GAMS).®® These pathways are
not branched and consist of the minimal number of reaction
steps for the production of the specified molecule.

Selection of evaluation criteria

Suitable evaluation criteria are selected next. In particular,
the energy efficiency based on the combustion and formation
enthalpy, the carbon efficiency as well as the annualized
investment cost, which scales with the amount of MTHF
produced, are calculated for all the 19 possible reaction path-
ways. Furthermore, four of these calculations are performed
each assuming a different yield coefficient (0.7, 0.9, 0.97, 1)
for every reaction step, where no yield information is avail-
able. The results are shown in Figure 2 plotting the different
evaluation criteria over the product yield. The evaluation cri-
teria are displayed on two ordinates, one for the efficiencies
(left), and one for the cost information (right). While colors
and fillings stand for the particular evaluation criteria, the
symbols mark the calculations for the four yield coefficients.
Thus, each data point in the diagram indicates the value of a
specific evaluation criterion for one reaction pathway assum-
ing a defined yield coefficient per reaction step. Six of 19
reaction pathways require one or more additional reactants
like methanol or ethanol. However, these solutions do not
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particularly stand out as the evaluation criteria account for
the use of these additives. Thus, they are not specially la-
beled. Figure 2 clearly shows that all evaluation criteria cor-
relate with the overall yield of the product 3-MTHF almost
independently of the reaction pathway. The remarkably
strong correlation can be explained because all reaction path-
ways are based on the same main feedstock (IA) and form
the same main product (3-MTHF). In this case study, the
same results are obtained ranking the reaction pathways by
any of the aforementioned-named criteria, such that the yield
of 3-MTHF is applied as the representative indicator in the
following analysis. A multicriteria evaluation is not required
at this point.

At the same time it should be mentioned that such strong
correlations do not apply for all evaluation criteria. As an
example, the relative amount of hydrogen per unit of reac-
tant (IA) and per unit of product (3-MTHF) is presented in
Figure 3 for the setup described earlier. Even though a gen-
eral trend can be diagnosed for both indicators (the former
one increases, while the latter one decreases with 3-MTHF
yield), the overall yield does not seem to be the dominant
factor.

Evaluation of the identified reaction pathways

Even in the cumulative illustration of Figures 2 and 3, dif-
ferences between the particular reaction pathways can be dis-
covered. By considering all pathways with the same yield
coefficient for the single reaction steps (marked by the same
symbol), it can be shown that some pathways reach higher
overall product yields and better efficiencies than others,
even though the same performance is assumed for each reac-
tion step. Hence, some pathways require a lower yield per
reaction step to meet a certain desired product yield. How-
ever, the influence of the yield coefficient on the overall per-
formance has to be examined, before promising pathways
can be selected for further analysis.

The yield coefficients of the individual reaction steps are
varied in the range from 0.5 to 1; for each value of the yield
coefficient, the corresponding mass balances are calculated
for all the reaction pathways. If the yield coefficient for a
specific reaction is known, it is fixed to the reported value
and kept unchanged. As a result, Figure 4 shows the two
selected evaluation criteria, namely the 3-MTHF yield and
the hydrogen consumption, plotted over the yield coefficient
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Figure 3. Compared to other evaluation criteria, there
is a weaker correlation between the product
yield of 3-MTHF and the hydrogen demand.

June 2012 Vol. 58, No. 6 AIChE Journal



hydrogen need [mol H2 | mol MTHF]

05 06 o7 0.8 09 1
yield per reaction step [molimol]

product yield [molimel]

05 06 07 08 09 1
yield per reaction step [molimol]

Figure 4. The influence of the yield coefficients for the
individual reaction steps on the evaluation cri-
teria differs for the different reaction pathways.

The graphs show this influence for selected pathways.

assumed for the single reaction steps. To demonstrate the
diverse types of solutions found, only some representative
reaction pathways are sketched in the figure. The same label-
ing for a pathway is used to consider the yield and the
hydrogen need in the upper and lower half of Figure 4. The
locations of all other solutions are either overlapping with
the pathways shown or are marked by gray dots. All reaction

pathways follow the same general trend. As expected, the
overall yield of 3-MTHF increases with the yield coefficient
of the individual reaction steps and even product yields
greater than one can be obtained in those cases, where more
than one mole of 3-MTHF can be formed per mole IA. In
contrast, the amount of hydrogen required for the production
of one mole of product decreases with an increasing yield
coefficient because more hydrogen is then consumed in
byproduct formation. However, the scenarios differ in both,
their absolute yield and hydrogen demand for a particular
yield coefficient, and their dependencies on the yield coeffi-
cients. Generally, two types can be distinguished. An exam-
ple of each is given in Figure 4 marked by the bold lines.
On the one hand the yield of 3-MTHF and the hydrogen
need of some reaction pathways are strongly affected by
minor variations in the yield coefficients deviating from one.
The gradient decreases with the yield coefficient such that
(almost) a plateau is reached (e.g., pathway labeled by gray
squares). On the other hand, the performance of some reac-
tion pathways deteriorates more slowly, but constantly over
the entire yield range (e.g., pathway labeled by black
squares). Obviously, reaction pathways with a high yield of
3-MTHF and a low hydrogen demand are favorable. How-
ever, it must be assessed which target yield is viable, both
from a catalytic and a process engineering point of view or
which target yield is required to realize an economically fea-
sible production. In order to guarantee good performance for
a wide range of yield, a certain reaction pathway might be
chosen despite of its drawbacks under ideal conversion con-
ditions. According to this policy and accepting the overall
yield as the most important evaluation criterion, the five
pathways with the highest yields of 3-MTHF are chosen for
further analysis assuming a yield coefficient of 0.97 per reac-
tion step. This scenario is selected to allow some operational
losses. The yield curves of the chosen reaction pathways
approximately follow the dashed lines in Figure 4 such that
they still outperform the other solutions for a lower yield
coefficient of 0.9, and they are even ranked in the upper
third for a very low-yield coefficient of 0.7. A group of
exactly five reaction pathways is taken into consideration for
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Figure 5. Reaction network summarizing the active reaction steps of the five most promising reaction pathways.
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Table 2. Comparison of the Different Evaluation Criteria for Selected High-Yield and Low-Yield Reaction Pathways
Assuming a Yield Coefficient of 0.97 per Reaction Step

rank of active mass balance energy cost
pathway  reactions hydrogen water MTHF carbon energy of  energy of energy investment max. [A
need formation yield efficiency combustion  formation loss cost cost
[mol/ mol IA] [mol/mol IA] [mol/mol IA] [%] [%] [%] [MW] [$/t] [$/t]
1 2,10,11 4.79 2.85 0.9127 91.27 86.53 27.21 16.97 77.32 922.68
2 1,49.11 4.68 2.74 0.8853 88.53 84.68 26.39 19.72 87.69 912.31
3 1,5,10,11 4.68 2.71 0.8853 88.53 84.68 26.39 19.72 87.69 912.31
4 3,7,8,10,11 4.54 2.74 0.8587 85.87 83.05 25.60 2224 97.03 902.97
5 1,6,10,11 4.57 2.71 0.8587 85.87 82.86 25.60 22.54 98.14 901.86
18 — 1.27 1.49 0.1957 14.91 17.73 4.66 505.66 1338.18 —338.18
19 - 1.32 1.44 0.1921 14.64 17.35 4.57 519.31 1368.45 —368.45

further analysis because they clearly stand out from the other
solutions.

Figure 5 shows all substances and reactions which appear
in any of the five selected pathways. The active reaction
steps for each pathway are listed in Table 2. This table also
summarizes the relevant data obtained by RNFA assuming a
yield coefficient of 0.97 per reaction step. For comparison,
the information is also provided for the two least promising
pathways of the ranking. In contrast to the low-yield solu-
tions, the top-ranked pathways carry reasonable 3-MTHF
yields between 0.9127 and 0.8587. For the 3-MTHF produc-
tion, none of the reaction pathways requires additional reac-
tants besides IA and hydrogen, which is consumed in similar
amounts by each pathway. The more 3-MTHF is produced,
the higher is the hydrogen demand and at the same time the
formation of water. For high-yield solutions a larger amount
of feedstock reacts to the final product such that more hydro-
gen is needed for the successive deoxygenation along the
pathway; in turn, more water is formed as a byproduct. Each
reaction route expresses a different set of byproducts consist-
ing of the substances along the pathway, which only appear
in small amounts. By detecting promising pathways, the
number of interesting reactions is already reduced to a man-
ageable number (Figure 5), and can be further reduced by
first focusing on reactions, which are included in several
pathways. Particularly, reaction 11 is active in all pathways
such that a sound performance of this reaction is of utmost
importance.

Furthermore, all the efficiency criteria only vary in the
range of 5% for the top-five solutions. Despite the low val-
ues in terms of energy of formation, the good results indicate
a reasonable combination of reactants and products. The esti-
mation of specific investment costs per unit of product sup-
ports this positive impression. The calculations of the energy
loss and annualized specific investment cost are based on
Egs. 16 and 21, presuming an annual production of 100,000
tons of 3-MTHEF, an interest rate of 8%, and a plant lifetime
of 10 years. Updating the cost by means of the chemical en-
gineering plant cost index, results in investment cost of 77—
98 $/t of product. Note that this cost estimate does not
account for the cost of the raw material IA, which is cur-
rently sold at about 4,000—40,000 $/t, depending on amount
and purity. Therefore, the difference in the predicted invest-
ment cost should not be overestimated. Furthermore, the cur-
rent cost of IA is well above the maximal raw material cost
predicted by Eq. 18, if an average fuel price of 1 $/kg is
requested. This fuel price is chosen in accordance with the
work of McAloon et al.®?> where bioethanol prices well
below 1 $/kg are postulated. Consequently, the raw material
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cost must be significantly reduced to render 3-MTHF an eco-
nomically viable biofuel, for example, by an integrated pro-
duction of TA from biomass or by switching to another less
costly platform chemical.

In contrast to the closely-related top-five solutions, major
differences can be found, if they are compared to the reac-
tion pathways at the end of the ranking. Those pathways
show very low yields of 3-MTHF, which comes along with
a poor rating in all other criteria, such that these pathways
are not acceptable for the realization of an economically effi-
cient process. In particular, a consideration of the investment
cost shows that even minor losses in the individual reaction
steps may have significant effects, especially taking the spe-
cific investment cost per unit product into account. Here,
cost under 30 $/t can be obtained by the best reaction path-
ways under full conversion. This stresses the importance of
a comparison of the alternative reaction pathways in the
early design phase to make sure that only the most promis-
ing pathways from biorenewables to next generation fuels
are investigated.

Comparison of the thermodynamic landscapes for
different reaction pathways

While the energy efficiency as well as the investment cost
evaluated so far just consider the cumulated reaction enthalpy,
Figure 6 shows the thermodynamic landscapes, i.e., the reac-
tion enthalpy for every step in the sequence. The courses of
the least (gray, dashed lines) as well as of the most promising
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Figure 6. Sequences of reaction enthalpies illustrate
the differences of selected reaction pathways
with high-yield (solutions 1-5), and low-yield
(solutions 18 and 19).
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pathway alternatives are plotted for the conversion of one
mole of IA. Even though the definition of an optimal
sequence remains difficult, major differences can be observed
between the low-yield and the high-yield alternatives, which
in turn just differ slightly from each other. Besides, it is inter-
esting to note that two of the promising pathways rely on an
endothermic reaction step within the sequence. In these cases,
process heat has to be either provided by a hot utility or by
internal heat exchange, while in case where only exothermic
reaction steps are present, the reaction heat can be exported
and possibly reused. However, at least the reaction conditions
must be considered for a more comprehensive assessment of
the economical implications of the energy balance. Unfortu-
nately, this information is lacking for many reaction steps.

The example of the production of 3-MTHF from IA dem-
onstrates how RNFA can be used to enumerate alternative
reaction pathways in a reaction network and, subsequently,
rank them to identify promising and deficient solutions. In
addition, a couple of issues can be identified which require
more attention during the subsequent process design.

Discussion

The information gained by RNFA will be discussed from
the perspective of four topics, namely (1) the supply of reac-
tants, (2) the handling of byproducts, (3) the reaction per-
formance, and (4) the refinement of the energy balance.

Most importantly, the source of the main reactant as well
as the reaction additives to be supplied to the process has to
be assessed. In some cases, the reactants can be produced
from biomass within an integrated biorefinery, otherwise they
must be provided by an external source. In the 3-MTHF case
study, the promising pathways do not require any additional
reactants besides IA and hydrogen. Nevertheless, a sustainable
supply of the fairly large amount of hydrogen must be guaran-
teed either by steam reforming, pyrolysis of biomass residuals,
electrolysis (with sustainable electricity sources like solar or
wind energy) or a combination of photo- and thermophilic
fermentation of a biorenewable substrate. Moreover, the anal-
ysis shows that the current market price of IA does not allow
an economically feasible conversion of this substrate into 3-
MTHEF for use as a biofuel. Two options to resolve this prob-
lem need to be studied. First, a decreasing trend of the IA
price may be realized if larger amounts are produced relying
on existing process concepts. Second, an alternative produc-
tion process for IA using native biomass may be found to
result in an economically reliable overall process. In both
cases, the production of the (auxiliary) reactants—hydrogen
and TA—must be integrated in the reaction network in order
to properly assess the additional effort in terms of raw mate-
rial demand, investment costs, etc.

Water occurs as major byproduct in all reaction pathways
resulting in strongly nonideal aqueous-organic mixture which
call for efficient separation strategies. As all other byprod-
ucts (e.g., methylsuccinic acid, 4-hydroxyl-3-methylbutanoic
acid, methylbutanediol) are formed in minor amounts, their
costly separation from 3-MTHF might be avoided, if the or-
ganic byproducts do not negatively affect downstream reac-
tions and if the finally resulting organic mixture could be
directly used as a fuel blend. Otherwise, at least the feasibil-
ity of the assumed separation steps must be checked to
assure the realization of the overall process. The estimation
of the minimum energy demand would help to detail the
assessment of the energy balance.
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As expected, even minor losses in the reaction yield of
the individual reaction steps add up and significantly reduce
the efficiency of the entire process. Consequently, the yield
coefficients of the identified key reactions must be verified
and their performance must eventually be optimized by reac-
tor as well as catalyst design to fulfill the assumed target
yield of 0.97.

Last, the energy balance should be refined. So far, the dis-
cussion is based on the sequence of reaction enthalpies along
the reaction pathways at standard conditions. In many cases,
however, the enthalpies of vaporization and reaction range in
the same order of magnitude such that the choice of the
reaction phase (i.e., liquid or vapor phase) would not only
lead to extensive modifications of the thermodynamic land-
scape, but would also strongly impact the process structure.
Hence, it is most important to fix the reaction conditions in
the next design step to facilitate a more precise estimation of
the energy balance of the individual reaction steps, which is
the basis for assessing the potential of internal heat integra-
tion and which determines the overall energy demand of the
process.

Concluding Remarks

In this article, RNFA is introduced as an easy and efficient
tool for the systematic identification and classification of
reaction pathways. The reusability of the reaction network
enables a fast calculation of scenarios with varying, e.g., the
reaction yields, the feedstock composition or the perform-
ance criterion in the optimization problem. Promising path-
ways are identified from the set of solution provided by MIP
in a subsequent analysis, which can be based on a variety of
economic, energetic or ecological indicators deduced from
the mass balance. These primary indicators can be refined by
additional criteria related to conceptual process design
including separation indices or energy demand. The combi-
nation of these two steps offers the basis for a rapid evalua-
tion of alternatives in an early design stage by RNFA.

The case study demonstrates how the knowledge gained
from a comprehensive mass balance helps to identify the
most promising reaction pathways and the most serious bot-
tlenecks in order to guide further research activities in a
rational way. Therefore, this work provides valuable support
for an evaluation of biobased processes during the early
design phases, but it should be complemented with respect
to several aspects in the future.

Since the necessary property data is often not available
for all the substances of interest, adequate property predic-
tion methods have to be applied. In this work, the property
data are considered to be free of error to keep the focus on
the illustration of the methods. The further development of
RNFA methodology should look at an elaborate coverage of
uncertainties in the property data.

Furthermore, the handling of mixtures has been excluded
by postulating an ideal separation after each reaction step.
This very conservative strategy can be refined, if constraints
on the separation behavior are introduced similar to those on
reaction performance. Then, separation tasks can be specified
for subsequent process design or the feasibility of a specific
separation technique can directly be tested as part of RNFA
by applying appropriate indicators (see e.g.,63).

While a multicriteria evaluation has not been needed in
the case study of this article, it should generally be consid-
ered for a balanced analysis of the ecological, economical
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and technical performance of the process alternatives. Such
multicriteria evaluation can easily be incorporated in RNFA.
Apart from that, this article only examines the conversion of
a single platform chemical into a single product, but RNFA
can also be utilized to evaluate more complex biorefinery
concepts with a biobased feedstock and a portfolio of prod-
ucts.®*®> RNFA is particularly useful for the comparison of
reaction pathways, which differ in the reactants and/or prod-
ucts. It also has been successfully utilized in an integrated
product and process design approach.27 An automatic gener-
ation of the reaction network should be considered in future
work, because the outcome of RNFA strongly depends on
the completeness of the network.
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