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� Use of oxymethylenether (OMEn) as

fuel for the autothermal reforming

reactions.

� Combining fuel processing for

fuel cells with the power-to-fuel

process.

� Suitable temperatures in all char-

acteristic sections of reactor ATR

14.

� H2 concentration in the reformate

almost independent of the mass

fraction of OMEn.

� Significant reduction in the

amount of undesired byproducts

(ethene, benzene, etc.)
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a b s t r a c t

Synthetic energy carriers that are not based on crude oil or natural gas can contribute to

the transcending of fossil-based sources of energy in the future. A contemporary example

is the organic substance, oxymethylenether (OMEn), which consists of hydrogen, carbon,

and oxygen. It is reported in the literature that OMEn suppresses the formation of harmful

NOx and soot and reduces CO2 emissions during the combustion process in internal

combustion engines due to its high oxygen content. For the investigation presented in this

paper, the use of OMEn was transferred to the autothermal reforming (ATR) process, which

is normally conducted using pure diesel fuel or kerosene in order to produce a hydrogen-

rich reformate gas to operate fuel cell systems. Different mixtures of OMEn and Ultimate

diesel fuel were fed into Jülich's ATR 14 at a steady state. Thereby, approved reaction

conditions from former ATR diesel fuel experiments with respect to O2/C and H2O/C molar

ratios (0.47 and 1.9, respectively) and temperatures of the educts were applied. It was

observed that the addition of OMEn to Ultimate diesel fuel resulted in stable temperatures

at characteristic positions within ATR 14 and had a positive effect on the quality of the ATR
asel).
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product gas (reformate). For instance, the concentration of the undesired byproducts

ethene and benzene decreased from 800 ppmv to the range of roughly 230 ppmv and from

some 130 ppmv to less than 40 ppmv, respectively, when the mass fraction of OMEn in the

OMEn/Ultimate diesel mixture was increased from 0% to 30%.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Fig. 1 e Structural formula of OMEn.
Introduction

In order to drastically decrease CO2 emissions in the transport

sector and thereby meet the corresponding challenging EU

environmental targets, many different technologies are under

consideration and technological development. One of these is

the so-called power-to-fuel (PtF) process, for which CO2

separated from the exhaust streams of, e.g., cement or steel

facilities and green hydrogen (obtained from water electrol-

ysis [1]) react with each other to generate renewable transport

fuels. Among them, oxymethylenether (OMEn) is one possible

and promising option. OMEn consists of two terminal methyl

groups and different numbers of interjacent formaldehyde

units (see Fig. 1), forming a straight-chain molecule whose

length depends on the number of inserted formaldehyde units

represented by the “n” in the OMEn acronym. Typically, OME

molecules feature three, four or five formaldehyde units.

OMEn can be considered a promising alternative to con-

ventional diesel fuels, as in experimental studies it has been

found to reduce the emissions of soot, unburnt hydrocarbons,

CO, and formaldehyde in internal combustion engines (ICEs)

if mixed with conventional diesel fuel or used in pure form

[2e13]. Different positions can be found in the literature

regarding NOx emissions when OMEn is used as a fuel in ICEs.

Liu et al. [6] observed increasing NOx emissions with

increasing OMEn mass fractions in the fuel. However, there

are a considerable number of contributions that report on

simultaneous reductions of soot and NOx emissions when

OMEn is used in ICEs [3,11,13]. Additionally, it has been found

to be fully soluble in diesel fuel, is non-toxic, and interoper-

able with the materials used in conventional vehicle ICEs [9].

According to investigations conducted by Lautenschütz et al.

[14], Schmitz et al. [15], and Baranowski et al. [16], blends of

OMEn molecules with three, four or five formaldehyde units

possess physicochemical and combustion characteristics

that are comparable to conventional diesel fuel. These

include, e.g., density, melting point, flash point, and the auto

ignition point, as well as lubricity, kinematic viscosity, and

surface tension. Against this background of OMEn being a

promising fuel for ICEs, the question arises as to whether it

also carries comparable advantages when applied to auto-

thermal reforming (ATR) in the context of fuel cell technology.

With respect to ATR, O2 (as part of a flow of air) and steam

undergo a reaction with a liquid hydrocarbon, such as kero-

sene, diesel fuel, or their corresponding sulfur and aromatics-

free surrogates [17e37] or e as in this study e a mixture of

conventional diesel fuel and OMEn. The main products of this

reaction are H2 to be fed into the anode of a fuel cell, CO, CO2,
and CH4. Undesired side-products in the case of incomplete

hydrocarbon conversion could include ethene, ethane, pro-

pene, propane, butane, benzene etc. In this respect, Cui and

Kaer [38] made thermodynamic analyses to compare different

routes to further convert propane and butane: cracking, par-

tial oxidation (POX), steam reforming (SR) and oxidative steam

reforming OSR. The authors found olefins and acetylene dur-

ing cracking and POX and a temperature range between 550 �C
and 650 �C, in which the formation of carbon was favored

during SR and OSR. Cerqueira et al. [39] investigated ATR and

sorption-enhanced ATR of olive mill wastewater by means of

a thermodynamic study and energy analysis. They found that

the exothermic CO2 sorption supplies roughly enough energy

tomake the process thermally neutral. Cherif and Nebbali [40]

performed a numerical study about autothermal steam

methane reforming. In their concept, CH4 combustion over a

Pt/Al2O3 catalyst is responsible for providing heat to the steam

reforming of CH4, which is catalyzed by Ni/Al2O3. They

investigated three different reactor configurations and found

that the third concept for which a copper foamwas inserted to

increase heat conduction showed the best H2 yield of 33.48%.

In an additional paper, Cherif et al. [41] examined numerically

a new reactor design in which the catalysts (Pt/Al2O3 for CH4

combustion and Ni/Al2O3 for CH4 steam reforming) were

modeled as patterned thin layers. Here, their results show

that if the new concept is used the length of the catalytic zone

can be significantly reduced and the consumption of O2 is

diminished by 5%.

ATR is very often a heterogeneously-catalyzed process. In

the literature, promising hydrocarbon conversions and

technically-meaningful long-term stabilities have been ach-

ieved by depositing Ni, Ir, Ru, Pt, and most Rh into porous

ceramic supports, such as ZrO2, SiO2, perovskites, CeO2, and

Al2O3 [42e64]. Han et al. [65e67] followed a somewhat new

path for integrating the ATR concept into submarines and

replaced O2 and H2O by H2O2. The latter had to be decomposed

in a separate unit prior to being fed into the ATR reactor.

In the literature, there are a few synthesis routes that yield

OMEn. As Peters’ thermodynamic calculations showed, the

direct synthesis of OMEn from CO2 and H2 is not favorable

from a thermodynamic point of view (i.e., high pressures, low
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temperatures, and side-reactions yielding dimethylether

DME) [68], some of the most established pathways to OMEn
start from renewable methanol being generated from CO2 and

green H2 [69].

Pathway a in Fig. 2 entails the direct synthesis of OMEn
from 2 mol of methanol and numerous moles of formalde-

hyde. It is catalyzed by ion-exchange resins [70] and shown in

the top panel of Fig. 2 for OME3. It is advantageous in com-

parison to the other pathways shown below, as no reaction

intermediates are formed [71,72]. However, water being

formed in pathway a can lead to undesirable hydrolysis of the

OMEn chains, which reduces the yield and selectivity with

respect to OMEn [73e75].

Pathway b uses trioxan and OME1 as educts for the syn-

thesis of OMEn. This is depicted in themiddle panel of Fig. 2 for

the case of OME4. Again, the presence of water during this

reaction must be avoided in order to ensure that the formed

OMEn chains cannot be hydrolyzed. Active catalysts for

pathway b are Amberlyst 46 [76], H-ZSM-5 zeolites [77], and

molecular sieves [78]. Trioxan is the cyclic trimer of formal-

dehyde and can be produced from 3 mol of formaldehyde by

means of acid catalysts [79]. OME1, meanwhile, can be formed

by a reaction between 2 mol of methanol and 1 mol of form-

aldehyde [80,81].

Pathway c is the synthesis via dimethylether, as shown in

the bottom panel of Fig. 2. One mole of dimethylether reacts

with one of trioxan, yielding OME4 in the case of this particular

scheme. Dimethylether can be formed from 2 mol of renew-

able methanol. A suitable catalyst for pathway c is H-BEA 25,

according to a study by Xue et al. [78]. Similar to pathway b,

this route also does not yieldwater, whichmight hydrolize the

OMEn chain again.

The fundamental goal of this study was to compare the

operational behavior of Jülich's autothermal reformer gener-

ation ATR 14 during steady-state, when it is fed, on the one

hand, with conventional Ultimate diesel fuel and, on the

other, with blends of Ultimate diesel fuel and OMEn.
Experimental

The constructive improvements in the ATR 14, the way it is

operated, and its chemical performance when run with pure

Ultimate diesel fuel, are described in detail by Pasel et al. [82].

The design of ATR 14 is shown in Fig. S1 in the Supplementary

Material. For that work, a fresh RhPt catalyst on an Al2O3-

eCeO2 support from Umicore AG & Co. KG was used. For the

experiments reported herein, however, a spent RhPt catalyst

was utilized that was no longer able to provide hydrocarbon

conversions at close to 100% including low molar fractions of

unconverted carbon, as previously reported [82]. This

approach was selected to highlight the effects of different

mass fractions of OMEn in the respective blends with Ultimate

diesel fuel on the concentrations of the main products of H2,

CO, CO2, and CH4 and undesired byproducts, such as ethene,

propene, benzene, etc. Using a fresh catalyst, these possible

influences could have been hidden and remained unnoticed

due to the catalyst's high initial activity. Ultimate diesel fuel,

with a molecular formula of C19H38 and molar mass of

266.0 g mol�1, was purchased from ARAL AG. More chemical
and technical details with respect to this fuel are provided by

Pasel et al. [83]. Table 1 gives an overview of the chemical and

physical properties of the OMEnmixture used. It can be seen in

this table that it primarily consists of OME3, OME4, and OME5
with a small quantity of OME6 and only traces of OME2. This

composition results in a molecular formula of C5.66H13.32O4.66

and a molar mass of 155.8 g mol�1. For the experiments con-

ducted for this study, this OMEn mixture was in turn blended

with Ultimate diesel fuel at different OMEn mass fractions of

10%, 20%, and 30%. For instance, a mixture of 20 ma.% OME

and 80 ma.% Ultimate diesel fuel has a molecular formula of

C15.01H30.62O1.39 and thereby reveals a molar mass of

233.0 gmol�1. Pasel et al. [84] andMeibner et al. [85] describe in

detail the analytical apparatus used (FTIR, MS, GC/MS com-

bination) and the methodologies that were employed to

quantitatively and qualitatively determine the chemical

composition of the dry and gaseous reformate, leaving ATR 14

under the different reaction conditions outlined above. For

this study, autothermal reforming was performed with a large

excess of water that was condensed downstream of the ATR

reactor. The quantities of total organic carbon (TOC) dissolved

in the condensed water were analyzed according to the

description by Pasel et al. [84].

The following six reactions represent the autothermal re-

action network when Ultimate diesel fuel and OMEn are

involved. It is interesting to note that the partial oxidation of

Ultimate diesel fuel is highly exothermic, whereas that of

OMEn is endothermic.

C19H38 þ 9.5 O2 / 19 CO þ 19H2 DH ~ �1790 kJ mol�1 (1)

C19H38 þ 19H2O / 19 CO þ 38H2 DH ~ 2805 kJ mol�1 (2)

C5.66H13.32O4.66 þ 0.5 O2 / 5.66 CO þ 6.66H2

DH ~ 225 kJ mol�1 (3)

C5.66H13.32O4.66 þ H2O / 5.66 CO þ 7.66H2 DH ~ 346 kJ mol�1(4)

CO þ H2O / CO2 þ H2 DH ~ �41 kJ mol�1 (5)

CO þ 3H2 / CH4 þ H2O DH ~ �206 kJ mol�1 (6)

For each experiment reported herein, the O2/C and H2O/C

molar ratios were kept constant at 0.47 and 1.90, respectively.

It is important to note that for calculating the corresponding

volumetric flows of air based on the O2/C molar ratio to run

partial oxidation reactions (1) and (3), the additional oxygen

atoms from the OMEn chain were not considered. It was

assumed that these bonded oxygen atoms would not take

part in the partial oxidation reactions, whose kinetics are

known to be very fast. 70 vol% of the reaction air was fed into

the catalyst via the annular air injector of ATR 14 at a tem-

perature of 380 �C, whereas the residual 30 vol% was injected

via the internal superheater at approximately 230 �C, together
with 70 ma.% of the water. The residual 30 ma.% of the water

was cold and fed into the steam generation chamber of the

ATR 14 via a nozzle on the upper side of the autothermal

reformer. Another nozzle at the bottom of ATR 14 supplied a

spray consisting of small fuel droplets that were injected into

https://doi.org/10.1016/j.ijhydene.2021.06.234
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Fig. 2 e Different pathways for the synthesis of oxymethylenether (OMEn) [69]; pathway a: direct synthesis from methanol

and formaldehyde; pathway b: synthesis via trioxan and OME1; pathway c: synthesis via dimethylether.
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Table 1 e Chemical and physical properties of the
oxymethylenether mixture used during the autothermal
reforming experiments.

Parameter Value SI-unit

OME2 content 0.14 ma.%

OME3 content 46.85 ma.%

OME4 content 29.23 ma.%

OME5 content 16.54 ma.%

OME6 content 5.50 ma.%

Cetane number 73.0 e

Density (15 �C) 1066.1 kg * m�3

Sulfur content <5(<1) mg * kg�1

Flashpoint 66.5 �C
Ash content <0.001 % (m/m)

Viscosity (40 �C) 1.184 mm2 * s�1

Begin boiling range 152.9 �C
Final boiling point 256.9 �C
Carbon content 43.4 % (m/m)

Hydrogen content 8.6 % (m/m)

Nitrogen content <0.5 % (m/m)

Oxygen content 45.8 % (m/m)

Lower heating value 19.26 MJ * kg�1

Fig. 3 e Temperatures inside ATR 14 when the load of the

ATR was varied between 50% and 100%. The ATR was

operated with a mixture of 80 ma.% Ultimate diesel fuel

and 20ma.% OMEn, n(O2)/n(C)¼ 0.47, and n(H2O)/n(C)¼ 1.9,

with the mass fraction of cold water to the nozzle being

30%.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 1 9 8 4e3 1 9 9 431988
the fuel evaporation chamber at room temperature. The re-

former's load was varied between 50% and 100%. At 100%

load, 2700 g h�1 of fuel was fed into the reformer, resulting in a

gas hourly space velocity of approximately 26.500 h�1 in the

catalytically-coated monolith (residence time: approximately

140 ms).
Results and discussion

Fig. 3 presents the temperatures within the ATR 14 when the

load was varied between 50% and 100%. In this case, the

reformer was operated with a mixture of 80 ma.% Ultimate

diesel fuel and 20ma.% OMEn. The n(O2)/n(C) and n(H2O)/n(C)

molar ratios were 0.47 and 1.9, respectively, and referred to a

molar mass of the fuel blend of 233.0 g mol�1. It can be seen

that the temperature at the outlet of the reformer continu-

ously increased, from 678 �C at 50% load to 730 �C at 100%

load. In a previous experiment at Jülich with ATR 9.1 [86], an

enhancement of the reformer load from 60% to 100% resulted

in a significant temperature increase at the outer surface of

ATR 9.1 of approximately 30 K, which clearly indicates higher

heat losses to the environment at higher loads. However, in

order to be able to understand the trend of the temperature

at the monolith outlet in Fig. 3, the values of the reaction

enthalpy of the partial oxidation in equation (1) must also be

considered. It is only half the quantity at 50% load compared

to 100%. As the thermodynamic calculations showed that the

absolute values of the reaction enthalpy of the partial

oxidation were much higher than those of the corresponding

heat losses to the environment, it becomes clear that the

temperature at the outlet of the monolith has to rise with the

increasing reformer load. For the same reason, the temper-

ature of the reformate flowing to the downstream water-gas

shift reactor (if a system configuration is taken into consid-

eration) increased from 482 �C at 50% load to 517 �C at 100%

load. At the same time, the temperatures in the air mixing
area were fairly stable between 586 �C at partial load and

585 �C at full load, and only slightly varied between 454 �C
and 432 �C in the fuel evaporation chamber. In both areas,

the temperatures were high enough to guarantee that all

molecules of Ultimate diesel fuel and OMEn were fully

vaporized prior to entering the monolith and coming into

contact with the catalyst. The comparably high temperature

levels in the air mixing area and fuel evaporation chamber

were due to the non-catalytic homogeneous gas phase re-

action between O2 and lighter hydrocarbon molecules in

diesel fuel and OMEn. From Fig. 3, it can be concluded that

ATR 14 can be smoothly operated with a mixture of 80 ma.%

Ultimate diesel and 20 ma.% OMEn under the given reaction

conditions if the temperatures are taken into account. The

next two figures shed some light on the corresponding gas

concentrations in the dry reformate of ATR 14.

Fig. 4 depicts the concentrations of H2, CO, CO2, and CH4 in

the dry reformate of ATR 14 under the same reaction condi-

tions as applied in the experiments in Fig. 3. The H2 concen-

trations exhibited a decreasing trend from 36.3 vol% to 34.8 vol

% when the load was increased. The same trend holds true for

the CO2 concentration, with a decrease from 11.5 vol% at 50%

load to 10.2 vol%, while in parallel the concentration of CO

rose from 12.1 vol% to 13.5 vol%. On the one hand, these three

concentration trends can be explained by a shift in the ther-

modynamic equilibrium of the exothermic water-gas shift

reaction (equation (5)) to the educt side as the temperature at

the outlet of the monolith increased (cf. Fig. 3). On the other

hand, during autothermal reforming, increasing CO and

decreasing H2 concentrations always indicate enhancing side

reactions, which in turn produce undesired byproducts, such

as ethene, propene or benzene, etc. [84]. In the case of the CH4

concentration, a significant increase, from approximately

2220 ppmv at 50% load to more than 4000 ppmv at 100% load,

was observed. This trend, however, cannot be explained by

thermodynamics, as the CH4 concentration should have

decreased with rising temperature, as per the methanation

reaction cited in equation (6). In this case, it can be concluded

https://doi.org/10.1016/j.ijhydene.2021.06.234
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Fig. 4 e Concentrations of H2, CO, CO2, and CH4 in the dry

reformate when the load of the ATR was varied between

50% and 100%. The ATR was operated with a mixture of 80

ma.% Ultimate diesel fuel and 20 ma.% OMEn, n(O2)/

n(C) ¼ 0.47 and n(H2O)/n(C) ¼ 1.9, with the mass fraction of

cold water to the nozzle being 30%.
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that decreasing the hydrodynamic residence times of the re-

action mixture on the catalyst surface favored the methana-

tion reaction to the detriment of the reactions, as per

equations (1)e(4).

In this respect, Fig. 5 provides additional information

regarding the relevance of undesired side reactions. It shows

the concentrations of ethene, propene, and benzene in the dry

reformate, again under the same reaction conditions as

applied in the experiments in Fig. 3. The concentration of

benzene was almost constant throughout the entire load

range, and those of ethene and propene had increasing trends

from 210 ppmv to 380 ppmv and 140 ppmv to 190 ppmv,

respectively. This figure strengthens the finding displayed

from Fig. 4 that side reactions are favored by shorter reactant

residence times on the catalyst surface. Although the RhPt
Fig. 5 e Concentrations of ethene, propene, and benzene in

the dry reformate when the load of the ATR was varied

between 50% and 100%. The ATR was operated with a

mixture of 80 ma.% Ultimate diesel fuel and 20 ma.% OMEn,

n(O2)/n(C) ¼ 0.47, n(H2O)/n(C) ¼ 1.9, with a mass fraction of

cold water to the nozzle of 30%.
catalyst was already spent at the beginning of the experi-

ments conducted for this study, the last two figures pertaining

to the concentrations in the reformate allow the conclusion to

be drawn that adding OMEn to Ultimate diesel fuel is not

detrimental to the autothermal reforming network. For the

following figures, different mass fractions of OMEn in the

OMEn/Ultimate diesel mixtures were applied to learn more

about the influence of OMEn on the relevant parameters of

autothermal reforming.

Fig. 6 illustrates the temperatures within the ATR 14 when

the mass fraction of OMEn in the Ultimate/OMEn mixture was

varied between 0% and 30% at a reformer load of 60%. The

n(O2)/n(C) and n(H2O)/n(C) molar ratios were still 0.47 and 1.9,

respectively. It becomes clear that all four characteristic

temperatures inside the ATR 14 featured a slightly increasing

trend when the mass fraction of OMEn in the OMEn/Ultimate

diesel mixture grew from 0% to 30%. E.g., those in the fuel

evaporation chamber rose from 432 �C to 449 �C, whereas

those of the reformate at the outlet of the monolith increased

from 659 �C to 690 �C. One possible explanation can be found

in the different boiling ranges of Ultimate diesel fuel and

OMEn. The final boiling point of Ultimate diesel is approxi-

mately 360 �C [83], whereas that of OMEn is about 257 �C (see

Table 1). It can be concluded from this significant difference

that the quantity of lighter hydrocarbons is higher in OMEn
than it is in Ultimate diesel fuel and, therefore, is further

enhanced in the OMEn/Ultimate diesel mixture with

increasingmass fractions of OMEn. Lighter hydrocarbonswere

found to more easily react in the above-mentioned homoge-

neous pre-reaction in the evaporation chamber and air-

mixing area. This in turn led to higher temperatures in these

sections of the ATR 14, when the OMEn mass fraction rose.

Additionally, it is conceivable that O-atoms or O-containing

fragments being released from reacting and decomposing

OMEn molecules favored the exothermic partial oxidation of

the present hydrocarbon molecules, which resulted in
Fig. 6 e Temperatures inside the ATR 14 when the mass

fraction of OMEn in the Ultimate/OMEn mixture was varied

between 0% and 30% at a reformer load of 60%, n(O2)/

n(C) ¼ 0.47, n(H2O)/n(C) ¼ 1.9, and the mass fraction of cold

water to the nozzle was 30%.
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enhancing the temperatures of the reformate at the outlet of

the monolith and at the position where it was fed to the

downstream WGS-reactor. Of course, the higher the mass

fraction of OMEn in the OMEn/Ultimate diesel mixture, the

stronger this effect was.

Fig. 7 depicts the concentrations of H2, CO, CO2, and CH4 in

the dry reformate of ATR 14 when the mass fraction of OMEn
in the Ultimate/OMEn mixture was varied between 0% and

30% at a reformer load of 60% (n(O2)/n(C) ¼ 0.47 and n(H2O)/

n(C) ¼ 1.9). Although the concentrations of H2 varied slightly

between 36.3 vol% and 36.7 vol%, those of CO and CO2 showed

decreasing (from 12.8 vol% to 12.0 vol%) and increasing (from
Fig. 7 e Concentrations of H2, CO, CO2, and CH4 in the dry

reformate of ATR 14 when the mass fraction of OMEn in the

Ultimate/OMEn mixture was varied between 0% and 30% at

a reformer load of 60%, n(O2)/n(C) ¼ 0.47, n(H2O)/n(C) ¼ 1.9,

and the mass fraction of cold water to the nozzle was 30%.

Fig. 8 e Concentrations of byproducts in the dry reformate of the

the unconverted, condensed water downstream ATR 14 (d), whe

was varied between 0% and 30% at a reformer load of 60%, n(O2)

water to the nozzle was 30%.
10.5 vol% to 11.8 vol%) trends, respectively. A strong decrease

in the concentrations in the reformate from approximately

4500 ppmv, when only Ultimate diesel fuel was utilized, to less

than 2000 ppmv at an OMEn mass fraction of 30% was

observed in the case of CH4. Thus, increasing the mass frac-

tion of OMEn in the OMEn/Ultimate diesel mixture was found

to be highly beneficial for the concentrations of the main

products of autothermal reforming and, consequently, for the

operation of ATR 14. Once again, the more favorable boiling

range of OMEn by comparison to Ultimate diesel fuel could

have been the reason for this advantage. Lighter hydrocarbons

more easily fully evaporate and homogeneously mix with the

other reactants, O2 and H2O. In order to evaluate this finding,

the last figure presented below deals with the corresponding

trends of some undesired gaseous by-products in the dry

reformate and the quantity of total organic carbon (TOC) dis-

solved in the unconverted stream of water, which was

condensed downstream the ATR 14.

Fig. 8(aec) illustrate the concentrations of different unde-

sired byproducts of autothermal reforming in the dry gas

phase at the outlet of the ATR 14, when the mass fraction of

OMEn in the OMEn/Ultimate diesel mixture increased from 0%

to 30%. The molar educt ratios again remained the same. The

values of each byproduct exhibit the same decreasing trends,

however, at different concentration levels. In Fig. 8 (a), for

instance, the concentration of ethene decreased from

approximately 800 ppmv to the range of roughly 230 ppmv,

whereas in Fig. 8 (b), the values for 1,3-butadiene diminished

frommore than 150 ppmv to approximately 50 ppmv. Another

example is the concentration of 1-pentene in Fig. 8 (c), which

fell from some 30 ppmv to less than 10 ppmv. Additionally,

Fig. 8 (d) displays the quantities of total organic carbon (TOC)

in the unconverted, condensed water downstream the ATR 14
ATR 14 (a)e(c) and the quantities of total organic carbon in

n the mass fraction of OMEn in the Ultimate/OMEn mixture

/n(C) ¼ 0.47, n(H2O)/n(C) ¼ 1.9, and the mass fraction of cold
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under the same reaction conditions. They show the same

decreasing trend with an increasing mass fraction of OMEn
frommore than 600 ppmw to approximately 350 ppmw. These

four figures stress the above-given finding that increasing the

mass fraction of OMEn in the educt mixture has a plainly

positive effect on the operational behavior of the ATR 14.
Conclusions

Many studies can be found in the literature that deal with the

autothermal reforming of diesel and jet fuel. These fuels differ

from one another in terms of their original feedstock (i.e.,

crude oil, synthesis gas, renewable primary products, etc.),

sulfur contents, mass fractions of aromatics, boiling ranges,

etc. This study expands the spectrum of fuels for experi-

mental evaluation for autothermal reforming through a fuel

obtained from the Power-to-Fuel process: oxymethylenether

(OMEn). In the experiments, OMEn was blended with conven-

tional Ultimate diesel fuel at mass fractions of between 0%

and 30% and, additionally, the load of the autothermal

reformer was varied between 50% and 100%. It was found that

adding OMEn to Ultimate diesel fuel positively affected the

operation of the ATR 14 autothermal reformer with respect to

the temperatures in all characteristic sections of the unit, the

concentrations of the main products of the process (i.e., H2,

CO, CO2, and CH4), and most of all if the concentrations of

undesired byproducts are taken into account. The quantities

in the reformate of the ATR 14 were by far lowest, at the

highestmass fraction of OMEn of 30% applied in thiswork. The

significantly higher quantity of lighter hydrocarbons in OMEn
might have favored the homogeneous pre-reaction in the fuel

evaporation chamber and the air mixing area of ATR 14. This

resulted in higher temperatures in these reactor sections,

when the mass fraction of OMEn in the OMEn/Ultimate diesel

mixture increased. Additionally, an enhancing quantity of O-

atoms and O-containing fragments from reacting and

decomposing OMEn molecules might have favored the partial

oxidation of the available hydrocarbonmolecules. This in turn

increased the temperatures in the catalyst. Both effects of

increased OMEn mass fractions e favored homogeneous pre-

reaction and more intense partial oxidation e raised the

overall temperature level in all sections of ATR 14, fostered the

catalytic conversion and, thereby, decreased the quantities of

byproducts, such as ethene, benzene or 1,3-butadiene. This

beneficial influence of OMEn is somewhat comparable to the

consistently positive results that have been reported in the

literature in relation to the emissions of soot, unburnt hy-

drocarbons, CO, and NOx, when OMEn was used in ICEs. The

results of this paper allow for the general conclusion to be

drawn that the use of OMEn as an additive fuel for the auto-

thermal reforming network is beneficial to the process.
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