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37 1 Abstract

40 2 Oxymethylene dimethyl ethers (OME,) have a high potential as diesel fuels or
3 blending components due to their promising combustion properties and can be pro-
4 duced from hydrogen (Hs) and carbon dioxide (COg) by combining existing process
45 5 concepts. However, such a process chain has not been analyzed in detail yet, so that its
47 6 performance and bottlenecks are unknown. In this second part of our two-part article,
49 7 we analyze a process chain for production of the longer chain variant OME;3.5 from
51 8 renewable Hy and green COs via trioxane and OME;. We simulate in Aspen Plus®
53 9 using detailed thermodynamic models with coupled oligomerization reactions and rig-
orous unit operation models. The overall exergy efficiency of OME3 5 production from

55 10

11 Hy and CO5 using established process concepts is 53%. Therein, the trioxane process

59 1
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step has the highest losses due to its high heat demand. Considering a pinch-based
heat integration throughout the entire process chain its total heat demand can be re-
duced by 16%. Thus, the exergy efficiency increases to 54%. This is still significantly
lower compared to the production of other alternative fuels like OME;, methane, and
dimethyl ether. Thus, more efficient processes, e.g., by avoiding trioxane production,

are required.

1 Introduction

One option for climate change mitigation is the conversion of renewable electricity to com-
bustion engine fuels with a suitable carbon source. Bongartz et al.! assess four alternative
transportation fuels from renewable energy addressing various performance and handling as-
pects, e.g., infrastructure compatibility and environmental impacts. Dimethyl ether (DME)
is found to be promising in terms of emissions, whereas its infrastructure compatibility is
rather low. For the direct use of hydrogen (Hj) in fuel cell vehicles (FCV) this factor is
even more serious, as required infrastructure changes are expected to be particularly expen-
sive because of the high pressure required for effective storage, distribution, and fueling.! In
contrast, hydrocarbons produced from Fischer-Tropsch (FT) synthesis are compatible with
today’s infrastructure, but do not offer benefits regarding pollutant emissions.?

An alternative fuel that does have such benefits is the group of oxymethylene dimethyl
ethers (OME,, CH;0(CH,0),CHs). Part one of this two-part article analyzed the produc-
tion of OME; from renewable Hy and green carbon dioxide (CO,) with existing technology
and demonstrated the potential for efficiency improvements and process simplifications based
on process modifications. However, missing compatibility of OME; and OME;-diesel blends
with conventional combustion engines are reported by many publications®?® and are disad-
vantages for market penetration. In contrast, OME, with three to five FA groups (hereafter
referred to as OME;5) have very similar fuel properties to diesel and, thus, do not re-

quire major modifications to the injection system.?%6 Their potential of having a lower
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global warming impact (GWI) compared to conventional diesel and the avoided soot-NOy
trade-off " give them promising properties as a potential diesel blend or even as a complete
replacement of conventional diesel.® Additionally, OMEs;_5 blends may even increase engine
efficiency? and, thus, improve fuel economy.? Nowadays, OMEs 5 are produced industrially
in China at a scale of more than 240,000 t/a.'® Since their production is based on coal and
future mobility is supposed to be environmentally friendly, novel production processes need
to be based on a renewable feedstock.

Due to increasing interest in OME,, as a synthetic fuel, much effort is being spent on new
synthesis routes.? However, just very few publications analyze entire process chains for the

1.1! investigated the economic potential of a

production of OME3 5. Recently, Schmitz et a
process chain for the production of OME;3 5 from methanol. In order to include methanol
also as a renewable feedstock, they consider a methanol price ranging from 100 US$/t to
500 US$/t, where the lower and upper limit reflect the price for methanol produced from
natural gas and biomass, respectively.!! The economic assessment is based on material bal-
ances assuming a yield of 100% for the trioxane, OME;, and OME3 5 plant and 88% for
methanol towards FA. The energy demands for the isolated processes are either extrapo-
lated from literature or assumed to be equal to similar processes within the chain. For the
calculation of investment cost, a general costing model for refineries is used. Considering
these process assumptions along with a low methanol price and low investment cost, OME;_5
production using their benchmark process chain is found to be competitive with conventional
diesel. Jacob and Maus!? use the results to compare the process developed by Schmitz et

al.!! with the coal-based production process in China, a novel route by Schmitz et al.,'?

a
perspective route using DME and FA, as well as with the production of OME;. The coal-
based production process and the perspective route was found to be cheaper by 16% and
45%, respectively. Also Ouda et al.'3 propose a process chain starting from methanol only.

There, formaldehyde is being produced in a first reactor at high temperature by methanol

dehydrogenation. This avoids the formation of water, such that its subsequent step, i.e.,

3
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OMEj3. 5 synthesis, is based on a water-free feed. However, in this step, water is produced
as a byproduct and shifts reaction equilibrium towards the educts. In a subsequent article,
Ouda et. al'* propose a detailed process concept including separation via distillation and
evaluate its economic potential and its efficiency. However, process models used are rather
simple and the proposed distillation sequence differ from other publications (e.g.,'®!). The
same reaction to form OME3 5 from methanol and formaldehyde is considered in a holistic
evaluation of biomass-based OMEs_5 production by Zhang et al.!6'” There, Aspen Plus®
models for each process step have been implemented, the most relevant process parameters
identified, and their influence on OME3 5 yield analyzed. Mahbub et al.® extend this analysis
by a life-cycle assessment taking into account biomass production, biomass transportation,
chemical conversion, fuel mixing, fuel dispensing, and vehicle combustion. It is shown that
the total life-cycle green house gas emissions can be reduced by up to 86% compared to fossil
diesel.

The process efficiency, the economic competitiveness, as well as the GWI reduction po-
tential for OME3 5 production via formaldehyde and methanol has been assessed greatly in
literature. In contrast to such an aqueous route, the hydrous one via trioxane and OME;
is beneficial in the following: It avoids water formation, saves energy and unit operations
for its removal, and shifts reaction equilibrium to OMEs;.5. However, trioxane is known to
be expensive to purchase and its conventional stand-alone production energy intensive. 819
By considering a novel trioxane process and integrating it into the entire value chain, these
drawbacks do not necessarily hold anymore, as methanol and formaldehyde production is
accompanied by significant steam generation. A concurrently submitted article? deals with
corresponding analyses. Due to the benefits and just little detailed information in literature
about OMEs;_5 production starting from Hs and CO, via trioxane and OME;, we implement
detailed models from literature using Aspen Plus® and conduct process simulations and
analyses. This reveals the potential and limits of integrating trioxane production into the

value chain, such that improvements for future production concepts can be derived system-
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atically. We explicitly provide the implementations of process models in Aspen Plus® via
our homepage,?! which can be used as a basis for further OME analyses respecting some
constraints and limits given in Section 4.1.2. Such model implementations including highly

complex thermodynamics have not been published by anybody else before.

The article is organized as follows: Section 2 introduces the variety of different synthesis
routes for OME; 5 production by distinguishing between the aqueous and anhydrous ones.
Corresponding benefits and challenges are discussed and the potential of the anhydrous route
highlighted. Subsequently, in Section 3 both intermediate processes for the chain growth of
OME;, i.e., trioxane and OMEj3_5 production, are described. Section 4 introduces the ther-
modynamic model used in this study, as well as its coupled reaction kinetics, and the unit
operation models used in Aspen Plus®. The process results for the entire process chain are

presented in Section 5, before Section 6 concludes the findings of this paper.

2 Synthesis Routes for OME;3; 5 Production

As indicated in Figure 1, for the production of OME, with different chain lengths two main
elements need to be provided: methoxy groups and formaldehyde molecules. The former
constitute the end groups of OME, and may be taken from methanol, OME;, or DME. The
formaldehyde molecules for chain growth may be provided from aqueous or methanolic FA,
paraformaldehyde (PF), or solid trioxane (TRI). The process analyzed in this work is solely
based on Hy produced from renewable energy and CO, from biomass, flues gas, or directly
captured from air. The provision of these raw materials are not discussed on process level
within this paper. Instead, they are considered in a concluding exergy efficiency analysis of
the entire production process.

Figure 1 gives an overview of routes starting from the CO, sources air, biomass, and flue

gas, as well as sources for Hs, i.e., water via electrolysis and biomass via gasification. A

5
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Figure 1: Flow diagram with possible synthesis routes for OME3 5 production from renewable
Hs and green CO,. The dashed, bold path corresponds to the anhydrous process chain
considered in this work.

discussion of all these routes is out of the scope of this investigation. In order to provide
a basis of information about the process steps affecting OME5_ 5 directly, we focus on the
synthesis reactions from different methoxy and formaldehyde sources. In general, all routes
can be classified either as an anhydrous or aqueous synthesis route,?? i.e., distinguishing
whether water is formed in the OME;_5 formation reaction or not.

Within the majority of currently discussed synthesis routes, water is produced as a
byproduct, e.g., in the synthesis of OME3 5 from methanol and aqueous FA (formalin). The
synthesis of OME3 5 from methanol and aqueous FA has recently received a lot of attention
as only three process steps are involved: methanol, FA, and OME;5 production. 122227
This is particularly promising in terms of capital costs and utility demand, which make this
process route highly attractive for industrial production. However, its main shortcoming is
the need for removing water, which is produced as a byproduct and additionally introduced

into the system by the aqueous FA feed. The presence of water lowers the selectivity towards

OMEs3; 5, as methylene glycols are formed in a competing reaction. Schmitz et al. recently

2 28

published a process, where water is removed either by adsorption'? or via membranes.
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The process concept has been proven feasible in lab-scale and is continuously improved in
academia and industry.

By using PF instead of formalin, no water is introduced into the OME3_5 synthesis. However,
it is still produced stoichiometrically depending on the chain length distribution of PF.??
Oestreich et al.?" perform reaction equilibrium experiments using PF and methanol, com-
ing to the conclusion that this reaction’s obstacle is the formation of a significant amount
of byproducts. For an innovative OME3 5 production process they propose an extractive
separation of OME with hydrocarbons yielding a high extraction selectivity. By exchang-
ing methanol with OME; as the methoxy source, the reaction selectivity towards OMEj3 5

29,3135 However, the production of PF from aqueous FA via vacuum

increases significantly.
distillation3® requires several steps under various temperatures and is thus rather complex.
Additionally, under given conditions PF is in solid state, which makes its handling challeng-
ing.

Utilizing trioxane as formaldehyde source the presence of water in OME;. 5 synthesis, and
hence its complex removal, is truly avoided. In this regard, the production of OME;.5 from
OME;, and trioxane is an intensively investigated process.3” 4! A corresponding process can
be composed of comparatively simple unit operations and is characterized by its high selec-
tivity towards OMEz 5: Selectivities of up to 70% are reported as well as a high stability of
the catalyst’s activity.#™4" In contrast, some publications mention the high energy demand
of the conventional trioxane production process and its high complexity.'® Therefore, triox-
ane is often considered as an unfavorable and expensive intermediate in OMEs 5 synthesis. !
However, it remains unclear whether these drawbacks still hold for a novel production pro-

4849 which eventually benefits from heat integration with the entire

cess based on distillation,
value chain. This question is the subject of the following investigation.
The other synthesis routes indicated in Figure 1 (e.g., synthesis from DME5%3) are much less

discussed in literature and, thus, no suitable data for detailed process analyses is available.

7
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3 Process Description

The objective of part two of this two-part article is the evaluation of the anhydrous OMEj3 5
production route starting from Hy and CO,. Special attention is given to the integrability
of a promising trioxane process into the entire process chain and whether this overcomes
the shortcomings of the conventional trioxane production. This analysis requires detailed
process information, e.g., heat flows and temperature levels of all heat sinks and sources,
as we perform a pinch-based heat integration. For formaldehyde containing processes it is
essential to use detailed models as its reactive behavior influences such process characteristics
significantly. Due to that, each of the process chain’s five intermediate steps are modeled.
Part one of our two-part article® introduces the processes for methanol, FA, and OME;
production and is not discussed in further detail here. The two subsequent steps, i.e., trioxane

and OME; 5 production, are described in the following.

3.1 Trioxane Production Process

Conventionally, trioxane is synthesized from aqueous FA in a highly energy intensive process
consisting of several intermediate steps including FA concentration, reaction, trioxane ex-
traction, separation, and purification.'® At least five columns and one reactor is necessary for
these operations. The need for an entrainer adds a further variable to the process, thus, mak-
ing optimal process design as well as operation a challenging task. Apart from the complex
flowsheet design, the loss of FA is not negligible reaching a yield of about 88%. Furthermore,

a steam demand of 14.5 kg/kgrgr; ™’

is economically and ecologically disadvantageous. Due
to the high complexity, high steam demand and rather low yield of the conventional trioxane
production process, Griitzner et al.*® developed a novel process, in which separation is based
on distillation only. The distillation regions of the ternary system FA, trioxane, and water

are pressure dependent, which makes pressure swing distillation (PSD) a possible technol-

ogy for trioxane separation. Only three columns at different pressure levels, one falling film

8
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evaporator for concentrating the aqueous FA solution, and one reactor is necessary in order
to produce trioxane with a negligible loss of FA (Figure 2). Thus, it is less complex, no
entrainer is necessary, and a yield of almost 100% can be reached. These advantageous pro-
cess characteristics make the concept highly interesting to be considered in a heat integrated
process chain. However, no detailed information about its energy demand of the final process

is reported in literature.

e S Lo lald

» K11 < K12 |<
R11 T T -
DD, o
1 bar | __|08bar [ _“labar [ __|2.5bar
98 °C %
N N
T f Water -
Trioxane

Figure 2: Distillation-based trioxane production with three columns at different pressure
levels, one falling film evaporator, and one reactor at the conditions given by Griitzner.4?

The process specifications (Table 1) used in this work are based on the process given
in Griitzner et al.*® and Griitzner.*® They are not optimized but chosen in such a way
that technical feasibility is ensured and product purity is met. The flowsheet structure has
been derived by an inf/inf-analysis.®® Aqueous FA of approximately 50 wt.-% is fed into a
falling film evaporator, where the solution is concentrated to up to 70 wt.-% FA, limited by
precipitation. The concentrated solution is fed together with the bottom product of the first
column K11, mainly consisting of water and unreacted FA, into reactor R11, in which the
reaction to trioxane takes place using a sulfuric acid catalyst. The process model proposed by
Griitzner et al.*® assumes the catalyst to either stay in the reactor or to be recycled with the
bottom product of column K11. The reactor effluent, i.e., trioxane, FA, and water, is fed into
column K11 and its overhead product into the next stage of the PSD sequence, i.e., column

K12. Due to the pressure shift from 0.8 bar to 4 bar, technical trioxane can be withdrawn

9
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as the bottom product with a purity of at least 99.9 wt.-%. The overhead product is mixed

with the aqueous FA solution from the overhead product of the concentration unit, from

which pure water is separated in the third stage of the PSD, i.e., column K13, at 2.5 bar.

The overhead product is finally recycled to the first column K11. The process specifications

are summarized in Table 1. Precipitation and crystallization of trioxane is not an issue since

the process temperatures are higher than the melting point of trioxane, i.e., 62 °C, for all

process streams. The good solubility of trioxane in water® as well as in ethers3® makes the

solid appearance of trioxane at ambient conditions not being obstructive for the process.

Table 1: Process specifications for the trioxane production process given by Griitzner?

9

Variable Value
Overall feed R11 K11 K12 K13

Concentration 50 wt.-% FA N/A N/A N/A  N/A
Pressure 1 bar 1 bar 0.8 bar 4 bar 2.5 bar
Temperature N/A 98 °C N/A N/A  N/A

Top N/A N/A 85°C 130°C 115°C

Bottom N/A N/A 93°C 165°C 127°C
Stages N/A N/A 15 21 18
Feed stage N/A N/A 9 5 12
Mass reflux ratio N/A N/A 221 0.12 1.20
Mass distillate to feed ratio N/A N/A 0.045  0.905  0.900
Vapor fraction N/A 0 N/A N/A N/A

3.2 OMEj;.5 Production Process

For OME; 5 production from trioxane and OME;, the variety of process alternatives is

small. Most of current research dealing with this synthesis route is about optimizing the

catalytic reaction of trioxane and OME; to OMEs5_5 in order to increase selectivity and con-

ACS Paragon Plus Environment
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version. 42745475759 Process-related literature is only known for the heterogeneously acidic
catalyzed synthesis and a subsequent separation via distillation considered herein, as well as

5758 investigates the homoge-

a homogeneously catalyzed synthesis. A series of patents, e.g.,
neously catalyzed production process consisting of three rectification columns, one reaction
unit, and an extraction column. The catalyst, i.e., an ionic liquid, along with the extraction
unit make this process more complex compared to the heterogeneously catalyzed one, which
was developed by Burger® in an industrial-academic cooperation® and is shown in Figure
3. In this process, a mixture of trioxane and OME; is fed into reactor R21 together with a
recycle stream coming from the bottom of column K22 and K23. The reaction in R21 takes
place under moderate conditions and the reaction mixture consisting of unreacted trioxane,
OME,, OME, -, and undesired byproducts is fed into a sequence of columns. First, in col-
umn K21 unreacted educts, OME,_,, and byproducts are separated from all OME, with a
chain length higher than two FA groups. Byproducts are separated from unreacted educts
and purged through the distillate of column K22, while the bottom product is recycled into
reactor R21. In column K23 the desired product OMEs_5 is isolated from OME, with a chain

length of higher than five FA groups.

Purge

”:é/:é’:éow_
K21 K22 < K23 |« 5,

A
4
4

Trioxane R21 :: ::: ::
OME, > —»( >——> > >
|1 bar " |2.63bar | [ ]0.32bar
1 bar - —— - F- -
70°C /) _ _/

Figure 3: Distillation-based OME3 5 production with three columns at different pressure
levels and one reactor at moderate conditions given by Burger et al.4!

Burger et al.?! derived the structure of the flowsheet using the inf/inf-method® and op-

11
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timized the unit specifications by a two-stage optimization procedure: First, the continuous
variables, i.e., overall feed concentration and reflux ratios, were fixed and the discrete vari-
ables, i.e., number of stages and feed stage of each column, were varied in order to minimize
each reboilers energy duty. Subsequently, the discrete variables were fixed and the continu-
ous variables optimized w.r.t. minimal total reboiler duty using a gradient based method.
Both steps were performed iteratively until the optimal unit specifications given in Table 2
were found. We increased the number of stages in all columns in order to reach the reboiler

duties given by Burger et al.*!

Table 2: Process specifications for the OME3_5s production process given by Burger et al.*!
The stage specifications have been adjusted in order to meet product specifications

Variable Value
Overall feed R21 K21 K22 K23

Concentration 51.6 wt.-% Trioxane N/A N/A  N/A N/A
Pressure 1 bar 1 bar 1bar  2.63 bar 0.32 bar
Temperature N/A 70°C N/A N/A N/A

Top N/A N/A 50°C 18°C 134 °C

Bottom N/A N/A 186 °C 83°C 250 °C
Stages N/A N/A 30 30 15
Feed stage N/A N/A 3 31 4
Mass reflux ratio N/A N/A  0.048  9.700 0.215
Mass distillate to feed ratio N/A N/A  0.535  0.00066 0.683
Vapor fraction N/A 0 N/A  N/A N/A

4 Model Description

All process simulations performed in this work are built on thermodynamic and chemical
reaction models from literature, which are implemented in Aspen Plus®. The models of the

first three process steps, i.e., methanol, formaldehyde, and OME; production, are covered in

12
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part one of our two-part article.®® Overlapping models are not repeated hereinafter. Instead,
Section 4 complements part one of the two-part article by providing all additional information
about the thermodynamic and chemical reaction models relevant for the trioxane and OME5_5
processes only. For modeling the trioxane process, the thermodynamic system of a mixture
containing water and FA coupled with its oligomerization reactions to polyoxymethylene
glycols (MG) are essential. In this regard, we extend the model described in part one with
parameters for trioxane and OME, with a chain length of up to 20 FA groups in order to
account for all relevant phenomena happening within trioxane and OMEgz 5 production. We
collected these extensions from literature, combined them with the model used in Bongartz

54
1.,

et a and describe them in the following.

4.1 Chemical Reaction Model

The commonly assumed chain growth mechanism for OME,, synthesis is its reaction with

one FA molecule: %!
OME, , + FA <5 OME, (n>2)- (R1)

This reaction only takes place under acidic conditions?® and if monomeric FA is present. In
the considered process chain, FA is provided by trioxane, which decomposes over an acidic

catalyst to three FA molecules via the overall (not elementary) reaction
. Ht
Trioxane <— 3 FA - (R2)

It may also be possible that the cyclic structure of trioxane brakes only at one point, such

that a chain of three FA groups are incorporated directly in one OME, molecule:?”

: H+
OME, 5 + Trioxane <— OME_, (n > 3)- (R3)

13
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However, experiments did not show any evidence for this mechanism,” so that the mecha-

nism involving Reactions (R1) and (R2) is used in this work.

Trioxane itself is produced in a previous step, often described as the reverse of Reaction
(R2), where FA is present in an aqueous solution. The presence of water makes the reaction
system highly complex as FA and water instantaneously react to polyoxymethylene glycols

even without the presence of any catalyst: %

H,O + FA +— MG, (R4)

MG, ; +FA+— MG, (n>1)- (R5)

Therefore, monomeric FA is present in the system only at very low concentration, but is

rather embedded and provided via MG. This makes trioxane formation according

HY oo
MG, <— Trioxane + H,0O (R6)

63,64

much more probable. The oligomerization reactions also play a governing role in the

synthesis of FA within this process chain, which is discussed in further detail in Bongartz et
al.?

In addition to the desired Reactions (R1) and (R2) for OME3 5 production, some side
reactions may occur under specific conditions. FA can react to methyl formate (MF) via
the Tischenko reaction (R7).%° This reaction also takes place under acidic conditions and
favorably at temperatures above 90 °C when using Amberlyst 46 as a catalyst.?® The same

holds for the decomposition of OME; to DME and FA according to Reaction (RS).

2 FA 55 MF (R7)
OME, *5 DME + FA (R8)
14
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How these reactions were accounted for in the simulations and how they were implemented in
Aspen Plus® is described in Section 4.1.1 and 4.1.2 for the trioxane and OME; 5 production,

respectively. The model implementations in Aspen Plus® are available via our homepage.?!

4.1.1 Conversion-based Model for Trioxane Production

Whereas the oligomerization reactions of water and FA to MG are investigated extensively

in literature, 5670

comparably little information is available about the formation of trioxane
from aqueous FA. Griitzner®® performed several experiments in order to derive temperature
dependent correlations for the equilibrium and reaction rate constants of Reactions (R6) and
(R7). However, corresponding parameter sets are not given. Therefore, the simulation for
the trioxane production process in this work is based on the reaction mechanism according
to Reaction (R6) with a once-through conversion of 5% trioxane, which is a typical value
for industrial trioxane production.*® Side reactions are neglected as the concentrations of
relevant components are low.*®

In contrast to the desired formation of trioxane, which takes place only within the cat-
alytic region of the reactor, the oligomerization reactions of FA and water to MG take place

167

in all units. Therefore, the corresponding equilibrium model®’ is implemented in each stage

of the columns, all mixers and splitters, as well as in the reactor. The adaption and imple-

mentation of this model in Aspen Plus® is described in Bongartz et al.?*

4.1.2 Reaction Kinetic Model for OME; 5 Production

The OMEs5 production process is based on the model developed by Burger et al.? All
parameters have been derived for the reaction system consisting of Reactions (R1) and
(R2), which are catalyzed heterogeneously by the catalyst Amberlyst 46. In contrast to the
oligomerization reactions (R4) and (R5), OME, formation only takes place in the presence of
a catalyst. Therefore, these reactions are accounted for only in the reactor. As the byproduct

methyl formate is formed in small amounts in Reaction (R7) and influences process design,
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an equation describing this reaction formally was added to the chemical reaction model
(cf., Burger et al.!). Burger et al.?? suggest a reaction model using a modified Langmuir-
Hinshelwood-Hougen-Watson (LHHW) approach, as the sorption processes were found to be
rate limiting. However, the simulation software Aspen Plus® does not allow the application
of such a model, so that the pseudohomogeneous kinetic model discussed in Burger et al.3’
is used in a slightly modified way in this work. Burger et al.?® show that this model is
not able to produce consistent results for a varying feed composition. The adaption of
the reaction rate parameters for Reaction (R2), however, makes the model applicable for
the optimal operating point found by Burger et al.*! only. The set of parameters for the
mole fraction-based equilibrium constants used in this work is given in Table (S1) of the
supplemental information (SI) and only applicable for this operating point using Amberlyst
46 as the catalyst. Corresponding parameter sets for the rate constants are given in Table
(S2) of the SI. Parameters for the formation of methyl formate are estimated in order to
reach a formation rate of 0.02 kg/(h kge.t).* All constants for OME, with different chain
lengths are assumed to be equal and for trioxane decomposition the kinetic parameters were
adjusted in order to fit the results given at the optimal operating point stated in Burger et
al.#! This adjustment is necessary as the pseudohomogeneous kinetic model is not applicable

for arbitrary feed compositions.??

4.2 Thermodynamic Model

The thermodynamic model for OMEj3 5 production corresponds to the one given in the work
of Burger et al.*! and is presented for pure and mixture properties hereinafter. Property
models for FA and trioxane containing aqueous solutions used in this series of papers are

taken from Albert®” and Ott.™
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4.2.1 Pure Component Properties

Correlations for the pure component properties were implemented for MG and OME, ;.
For the rest of the pure components, i.e., water, methanol, FA, trioxane, MF, and OME,,
correlations were used from the APV88 Pure32 Aspen database. They constitute liquid

molar density pr,;, ideal heat capacity cipg, vapor pressure p{, and heat of vaporization Ah, ;.

4.2.2 Mixture Properties

In order to account for nonideal interactions between all species, the UNIFAC group contri-
bution method™ is used as the basis for estimating all activity coefficients. For the trioxane
production process, the UNIFAC approach is applied directly using corresponding UNIFAC-
groups defined by Albert et al.,®® whereas the OME; 5 production process uses the NRTL™
approach based on data produced by the UNIFAC method. Burger et al.*! fitted NRTL coef-
ficients to the UNIFAC estimations for the binary systems constituting FA, trioxane, OME,
OME, -1, and MF. For the binary system OME, and trioxane, the activity coefficients were

1'41

fitted to experimental data given by Burger et al.** using the global parameter estimation

tool BOARPET. 7476

4.3 Process Models

In order to reach high accuracy, detailed unit operation models are used within the Aspen
Plus® model implementations. For the distillation columns, this is particularly important
as oligomerization reactions need to be taken into account explicitely. Therefore, both pro-
cess models, i.e., trioxane and OMEj3 5 production, constitute rigorous RadFrac models for
separation operations only. The Newton solution algorithm has shown best results in terms
of convergence and is used for all RadFrac models. As packing specifications, column dimen-
sions, and pressure drop specifications are given for the distillation columns of the OME3_5
production process in the work of Burger et al.,*! those have been considered in this work

as well. Due to limited information about the distillation columns in the trioxane produc-
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tion process, they are modeled using an equilibrium calculation type. The conversion-based
reaction of aqueous FA to trioxane is modeled using a RStoic reactor. Due to the given
kinetics for the OMEj; 5 process, reactions take place in a RPlug reactor with specifications

1.41 Compressors are isentropic and all unit operations con-

given in the work of Burger et a
sider oligomerization reactions given in Equation (R4) and (R5). Flowsheet tear streams
are calculated using the Wegstein convergence method with a default relative tolerance of

1x10™.

5 Results and Discussion

Detailed mass balances for the trioxane and OME;3_5 production process steps can be found
in the work of Griitzner®® and Burger et al.,*' respectively. We address herein the overall
material (Section 5.1) and utility demand (Section 5.2) of each intermediate process step,
as well as the entire production chain. Special attention is given to the integrability of the
distillation-based trioxane process, as its conventional stand-alone production is known to
be energy-intensive and expensive. This enables a holistic and rational evaluation of the

anhydrous OME3 5 production and provides a further basis for fair process comparisons.

5.1 Material Demand for OMEj;. 5 Production

Following the process chain for OME; production presented by Bongartz et al.,* which is
part of this works process, Hy and CO, is consumed solely by the methanol production plant.
For 1 kg OME35, 0.25 kg Hy and 1.83 kg COs is needed to produce 1.28 kg methanol as
illustrated in Figure 4. In accordance with the simulations conducted by Burger et al.,*!
the composition of OME;_5 is assumed to be 43 wt.-% OMEs;, 34 wt.-% OME,, 22 wt.-%
OMEs, and 1 wt.-% OMEg in this study. As depicted in Figure 4, more than 50% of the
consumed raw materials constitute air for the combustion in the methanol and FA production

processes. In the FA production process, this corresponds to a high amount of inert gases
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and keeps its operation beyond explosive limits. Apart from 2.14 kg air and 0.86 kg methanol
about 0.40 kg water is fed into the FA process in order to absorb the FA molecules from the
gaseous reactor effluent. This way 1.45 kg aqueous formaldehyde solution with 50 wt.-% FA
is produced and 1.95 kg exhaust gas released to the atmosphere. In the subsequent steps
more than 73% of the FA solution is used for trioxane production and the remaining 27%
for OME; production. In both processes, water needs to be separated from both products,
which are present in about the same quantity. In the last process the chain growth of
OME; to OMEs_ 5 takes place with an overall carbon-based yield of almost 100%: 0.48 kg
OME; reacts with 0.52 kg trioxane to 1 kg OME; 5. Only 0.001 kg of an equimolar mixture
containing FA and MF need to be purged in order to prevent MF accumulation. However,
as the corresponding material stream is comparably small, it is neglected in the diagram in
Figure 4.

The chemical conversion efficiency (cf., e.g., Konig et al.™")

NocE = Moy, - LY ovie, (1)

iy, - LHVy, ’
of this process chain is 63%, considering a lower heating value (LHV) of 121.84 MJ/kgpy,
and 19.16 MJ/kgomg, , for Hy and OMEs 5, respectively. Concerning the amount of COq

required for producing 1 kg OME3 5, an overall carbon-based yield of 87% is reached.

5.2 Energy Demand for OMEgj_5 Production Considering Heat In-

tegration

The main objective of this paper is the evaluation of an entirely heat integrated process
chain for the anhydrous production of OMEs 5 from Hy and CO, utilizing a novel trioxane
process. In this regard, two different cases for heat integration are distinguished: In the
first case, heat integration is considered for each intermediate process separately from the

other processes and only remaining excess heat, i.e., steam that is commonly generated in
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Figure 4: Material flows within the reference process chain for the production of 1 kg OMEj3 5.

20

ACS Paragon Plus Environment

Page 20 of 38



Page 21 of 38

oNOYTULT D WN =

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

55 -

Industrial & Engineering Chemistry Research

methanol and FA production, is assumed to be used in the other process steps. In the second
case, heat integration is conducted considering all heat sources and sinks within the process
chain simultaneously. In both cases a targeting approach using pinch analysis is conducted.
This way, an energetically best case process chain with respect to energy integration is found,
which, however, does not necessarily represent the economic optimum as no rigorous heat ex-
changer network is developed. In order to estimate the influence of the process performance
of trioxane production on the overall one, a sensitivity analysis is performed. Regarding this,
FA conversion towards trioxane is varied and the heat demand of the heat integrated process
calculated. This reveals potential improvements of the anhydrous OME3 5 production, if the

catalytic trioxane reaction can be further optimized.

We assume that Hy is provided by a proton exchange membrane (PEM) electrolysis op-
erated at 30 bar. COy may be captured from biogas plants, from flue gas of power plants, or
directly from air and is fed into the methanol production plant at ambient conditions. As for
the direct conversion of methanol from Hy and COs an operating pressure of about 70 bar
is necessary,”® the energy demand for the compression of both educts are considered. For
COa, a four stage compression including intercooling is applied and for Hy only one stage.
This way a total electricity consumption of 1.33 MJ/kgomg, ., for pumping and compression
need to be provided for the methanol plant (Figure 5). The heat demand for heat exchanger
and distillation columns is entirely covered by the heat of reaction and combustion within
the process itself. The same holds for the FA production process, so that excess heat of 1.76
MJ/kgome,.; at about 220 °C and 5.01 MJ/kgome,.; at about 150 °C is available for subse-
quent processes. About 0.16 MJ/kgomg, , for compression is necessary in the FA production
process to maintain a steady flow of materials. For OME; production, the energy demand
for pumping and compression can be neglected as only comparably low pressure levels are
necessary and the streams are comparatively small and liquid. Therefore, 4.25 MJ/kgomg,

heat needs to be provided for separating OME; from methanol and water, that may be taken
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from either the excess heat of the FA process entirely, or partly from the methanol and FA
process. If the second option is chosen, the remaining heat of the FA process may be used

for trioxane production.

ya
B — LI S B B L A N

-1,76 [ ]Heat
MeOH Prod. 1,33 I Pumping and compression

-5,01
eaprog, | ]

o |0,16
®
) 4,25
2 owetprod [
(&)
o
o - oo 2262
rroxane rFrod.
.104
]1,34
OME3-5 Prod.
1 1 L 1 L ! N L 1 L 1 ! 1 N L 1 //u/l L L 1 ! |
-5 0 5 10 20 25

Energy demand [MJ/kgoyes.s]

Figure 5: Energy demand for heating as well as pumping and compression of the processes
within the reference OME;.5 production chain. Heat integration is considered within each
individual process.

The trioxane production process consumes in total 22.62 MJ/kgomg,., considering inter-
nal heat integration, which is about 15 kg/kgrgrr steam and in accordance with the steam
demand of the conventional trioxane production process given in the work of Mahieux.!®
Griitzner* reports a heat demand for the distillation-based trioxane production process of
about 65 MJ/kgrgy, which is about 33.70 MJ/kgomg, .. This is considerably higher than
found in this work as no heat integration is considered in his work. The high demand of
heat is mainly caused by a small conversion of 5% of FA to trioxane in the reactor, which

results in a high recycle stream leaving the bottom of column K11 and, thus, in a high

energy demand for its reboiler. As a conversion of 5% is only a reference value for conven-
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tional industrial applications,*® its influence on the energy demand of the separately heat
integrated trioxane production process and on the process chain’s one is illustrated in Figure
6. The diagram shows a strong relation between FA conversion and the heat demand of the
trioxane production process: Heat demand for trioxane production halves by considering a
FA conversion of 10% instead of 5%. The energy demand of the overall process chain is
smaller than that of the separately heat integrated trioxane process, because excess steam

from formaldehyde production is utilized. In addition to heat, 1.04 MJ/kgomg, , electricity

T T T T T T T T T T 58
30 + Heat integrated trioxane process -

'_u'? | b‘%q/ Heat integrated process chain |:| *— | 57 Z
0 o5 | vV ‘ribg)g & Base case [N\ a
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= 20 A oD 9

- B '\%‘ \6 =

= O |\ o) 2
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0 52
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Figure 6: Influence of the conversion of FA to trioxane on the energy demand of the separately
heat integrated trioxane production process, as well as on the overall energy demand of the
entire process chain. Additionally, the exergy efficiency of the overall process chain starting
from Hy and CO, is shown.

for compression need to be provided, as the gaseous overhead product of column K11 need
to be fed into the second column K12 operated at 4 bar. However, this way heat for in-
ternal heat integration is produced. As the energy demand for trioxane production exceeds
the energy demand of the other processes within the process chain by a large amount, the

overall energy efficiency is highly dependent on this process step. However, the process for
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trioxane production investigated in this study was not optimized rigorously and, thus, still

offers potential for improvements.

The energy demand for the heat integrated OME;.5 production process from trioxane
and OME} is rather low with 1.34 MJ/kgomg,.; at 200 °C to 260 °C for separating the prod-
uct from OME, .3, methyl formate, unreacted trioxane, and OME,~5. Energy for pumping
and compression can be neglected, as it is much lower than the electricity demand of the

aforementioned processes. These results are in agreement with those from Burger et al.*!

Given all material streams entering and leaving each process together with the processes
energy demand and temperature levels, all exergy fluxes within the process chain for OME;_5
production were calculated (cf., part one of our two-part article®*) and are illustrated in the
Sankey diagram in Figure 7. As COs is provided at 1 bar and its chemical exergy is neglected,
it does not bring any exergy into the system. Only a large exergy stream associated with
the stream of Hy at 30 bar and some electricity enter the process as input streams of the
methanol production plant. Its exergy efficiency is calculated to be about 90%. If raw
material compression is not considered as part of the methanol process, for example in case
Hy and COs are provided from high-pressure storage sites, its exergetic efficiency increases to
91%. For the FA and OME; production plant, only electricity need to be provided externally
as excess heat is assumed to be exchanged between the processes within the production chain.
The exergy efficiency for these processes is 73% and 90%, respectively. The low efficiency
of the FA production process is caused by irreversibilities during methanol combustion and
the residual heat of exhaust gases (cf., Bongartz et al.?). As already mentioned above, the
trioxane production process consumes most of the energy within the reference process chain,
of which most is consumed in the reboiler of column K11. This makes the exergy efficiency
of this step drop to about 55%. Considering the conversion of FA towards trioxane to be

10% instead of 5% its efficiency increases to 66% and the overall process chain efficiency to
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more than 57% (cf., Figure 6). The most exergy efficient process for OME3 5 production is
its last step, i.e., the chain growth of OME; to OME3 ;. As just little heat and electricity
need to be provided to the process, its exergy efficiency reaches almost 97%. All in all,
considering a system boundary around the entire reference process chain, the overall exergy
efficiency for OMEj3.5 production from renewable Hy and green COj is 53%. Considering

10% FA conversion the efficiency increases to 57%.

Electricity

Electricit
y Loss

53%

Electricity

Electricity

Figure 7: Sankey diagram of exergy flows within the reference process chain for the produc-
tion of 1 kg OME;.5. The gray boxes denote the different process steps and the percentages
are the exergy efficiencies of these separate steps. The overall exergy efficiency from Hy to
OME3_5 is 53%

For the case where all process steps are at the same site, a more efficient combination of
heat streams is possible and the overall exergy efficiency increases to 54%. The overall heat
demand reduces by about 16% from 21.40 MJ/kgomg, . to 17.94 MJ/kgomp,,. Assuming
4.5 kWh/Nm?, i.e., 180 MJ/kgp,, for an alkaline electrolyzer with an HHV-based efficiency
of about 80% and a maximum operating pressure of 32 bar,™ 45 MJ/kgoumg, . need to be
provided only for hydrogen supply. The resulting overall exergy efficiency including Hs supply
via electrolysis is about 40%. Using PEM electrolyzers the overall efficiency is comparable
as their specific energy consumption is about the same.® Including also a thermal energy
demand of 2.20 MJ/kgco, for carbon capture from flue gas with a typical carbon dioxide
mole fraction of 13%8! reduces the overall efficiency to 38%. This efficiency is rather low
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compared to OME; production and other e-fuels. Even the best possible heat integration of
the trioxane process within the entire process chain increases the total efficiency including
electrolysis and carbon capture by only less than 1%. Finally, a potential optimization of
the catalytic reaction of FA towards trioxane has a significant effect on the overall process
performance. However, such improvements are also limited, e.g., doubling the FA conversion
corresponds to an increase in overall process efficiency of only 2% starting from electricity.
Despite an effective heat integration of the novel trioxane process in the entire process
chain and a highly attractive final process step (i.e., OME;3.5 formation), from an energy
point of view it is not expedient to further improve the synthesis of OME;3.5 via OME; and
trioxane. Due to only small improvements for the entire process chain, even for a significantly
improved catalytic trioxane reaction, the focus of future OME;3 5 research should be placed

to alternative trioxane production processes or routes avoiding trioxane production.

6 Conclusion

Key for a successful development of a resource efficient OME;_5 production process is the
identification of bottlenecks established process concepts suffer from. In this work, such an
analysis has been conducted for the anhydrous synthesis pathway of OME; 5 starting from Hs
and CO, producing methanol, formaldehyde, OME;, and trioxane as intermediates. For all
of these process steps, simulations in Aspen Plus® have been performed using detailed pro-
cess models with validated thermodynamic and chemical reaction models embedded. They
were analyzed with respect to their material and energy demand, and ultimately evaluated
using exergy efficiencies. For the production of 1 kg OMEs_5 with 43 wt.-% OMEs;, 34 wt.-%
OMEy, 22 wt.-% OMEs;, and 1 wt.-% OMEg 0.25 kg Hy and 1.83 kg CO, need to be pro-
vided. This corresponds to an overall carbon-based yield of 87% and a chemical conversion
efficiency of 63%. The exergy efficiency of a heat integrated process chain considering the

exchange of steam adds up to 53% starting from Hy and CO,. Including electricity and
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thermal energy demand for electrolysis and carbon capture it drops to 38%. This efficiency
is comparable to that of Fischer-Tropsch diesel or methanol-to-gasoline concepts based on
renewable resources which have an overall efficiency of about 45% and 39%,%? respectively,
(assuming 80% efficiency for electrolysis). Taking into account that the trioxane produc-
tion process is responsible for major exergy losses, the possibility for novel process concepts
of avoiding this energy intensive process step, e.g., by the direct conversion of methanol
and formaldehyde to OMEs_5, points towards the important areas for process improvements

12,28

for OMEs;.5 production. This is the focus of current research, e.g., , and need to be

investigated in further detail in order to expand our analyses to such process concepts.
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