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Abstract 

The potential of dimethyl ether (DME) and dimethoxymethane (DMM), representatives of the attractive 

oxymethylene ether (OME) alternative fuel family, are explored here as reactivity enhancers for methane-

fueled polygeneration processes. Typically, such processes that can flexibly generate power, heat, or 

chemicals, operate under fuel-rich conditions in gas turbines or internal combustion engines. To provide a 

consistent basis for the underlying reaction mechanisms, it is recognized that speciation data for the 

DME/CH4 fuel combination are available for such conditions while such information for the DMM/CH4 

system is largely lacking. In addition, it should be noted that a detailed speciation study in flames, i.e., 

combustion systems involving chemistry and transport processes over a large temperature range, is still 

missing in spite of the potential of such systems to provide extended species information. In a systematic 

approach using speciation with electron ionization molecular-beam mass spectrometry (EI-MBMS), we thus 

report, as a first step, investigation of six fuel-rich premixed flames of DME and DMM and their blends with 

methane with special attention on interesting chemicals. Secondly, a comprehensive but compact 

DME/DMM/CH4 model (PolyMech2.1) is developed based on these data. This model is then examined 

against available experimental data under conditions from various facilities, focusing preferentially on 

elevated pressure and fuel-rich conditions. Comparison with existing literature models is also included in this 

evaluation. Thirdly, an analysis is given on this basis, via the extensively tested PolyMech2.1 model, for 

assumed polygeneration conditions in a homogeneous charge compression ignition (HCCI) engine 

environment. The main interest of this model-assisted exploration is to evaluate whether addition of DME or 

DMM in a polygeneration process can lead to potentially useful conditions for the production of syngas or 

other chemicals, along with work and heat.  

Results in the flames show that high syngas yields, i.e., up to ~78% for CO and ~35% for H2, can be obtained 

in their burnt gases. From the large number of intermediates detected, predominantly acetylene, ethylene, 

ethane, and formaldehyde show yields of 2.1%-4.4% (C2 hydrocarbons) and 3.4%-8.7% (CH2O), respectively. 

Also, methanol and methyl formate show comparably high yields of up to 0.6%-6.7% in the flames with 

DMM, which is 1-2 orders of magnitude higher than in those with DME as the additive. In the modeling-

assisted exploration of the engine process, the PolyMech2.1 model is seen to perform at significantly reduced 

computational costs compared to a recently validated model without sacrificing the prediction performance. 

Promising conditions for the assumed polygeneration process using fuel combinations in the 

DME/DMM/CH4 system are identified with attractive syngas yields of up to 77% together with work and 

heat output at exergetic efficiencies of up to 89% with DME. 

Keywords: Dimethyl ether, dimethoxymethane, methane, premixed flames, polygeneration, engine 

simulation, syngas production 
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1. Introduction 

The limited availability of fossil fuels and efforts to reduce CO2 emissions motivate the development of 

flexible and efficient energy conversion strategies. Regarding worldwide transformation efforts towards 

renewable energy, there is a strong demand for strategies of effectively storing fluctuating electricity. 

Polygeneration processes that can provide different types of energy flexibly depending on the respective 

demand have thus gained increasing interest [1-3]. Recent research has shown that a fuel-rich operated gas 

turbine or a homogeneous charge compression ignition (HCCI) engine can simultaneously – but variably – 

provide work, heat, and useful chemicals such as syngas, unsaturated, or partially oxidized hydrocarbons 

with high exergetic efficiency [1, 2, 4-7]. In these systems, methane as the main constituent of natural gas 

and biogas, is often used as the main fuel, assuming that it will continue to play an important role in the 

energy sector in the near future and will also be sufficiently available [8]. The conversion of methane towards 

valuable chemicals in such polygeneration systems is favored at high equivalence ratios (typically Ф >2) 

beyond those typical for traditional combustion, at moderate temperatures, and at high pressures [9]. However, 

methane is comparably inert and features poor ignition properties, which poses challenges in an HCCI 

process [2, 8, 10]. To this end, ignition-enhancing additives are typically needed to increase reaction rates 

already at moderate temperatures [2, 8]. 

Apart from ozone and reactive hydrocarbons like n-heptane [11-13], small representatives of the 

oxymethylene ether (OMEn) fuel family with molecular structure of CH3O(CH2O)nCH3 have also attracted 

recent attention as reactivity enhancers [14]. OMEn, with generally high cetane number, high oxygen content, 

absence of C–C bonds and therefore low sooting propensity, are considered as potential electric fuels (e-fuels) 

that can be synthesized sustainably [15-18]. To comprehensively assess the application potential of a 

respective OMEn/methane polygeneration system, detailed knowledge and deep understanding of the 

combustion behavior of such fuel mixtures and the underlying kinetics are a prerequisite.  

Available research on the combustion of OMEn/methane mixtures is almost exclusively limited to the 

particular case of OMEn with n=0, i.e., dimethyl ether (DME, CH3OCH3). Investigations of the DME/CH4 

system [6, 7, 10, 19-29] have targeted global combustion parameters such as flame speed and ignition delay 

times (IDTs) as well as speciation in plug-flow reactors (PFRs), shock tubes (STs), and rapid compression 

machines (RCMs). The wide range of conditions covered includes some polygeneration-relevant ones, as 
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evident from Fig. 1.  

 

Fig. 1. Summary of literature experimental studies on the combustion of DME/CH4 (a) and DMM/CH4 (b) 

mixtures (ST: Shock tube; RCM: Rapid compression machine; PFR: Plug-flow reactor; SCE: Single-cylinder 

engine). For better visualization, the overlapping points in (a) have been slightly separated, i.e., at Ф=0.7-

1.4/p=1 bar [27], Ф=0.7-1.6/p=1 bar [21, 25], Ф=2.0/p=6 bar [9, 23, 28], Ф=2.0/p=10 bar [6, 22], Ф=2.0/p=30 bar 

[9, 22], Ф=6.0, 7.0/p=10 bar [6, 28], Ф=10.0/p=30 bar [9, 28], and Ф=10.0, 20.0 /p=6 bar [9, 28]. Studies under 

polygeneration-relevant conditions are highlighted in the boxes. 

DME addition shows enhancing effects on both, the reactivity [20, 22, 23, 26, 28-30] and flame 

speed/stability of methane [19, 21, 25, 27, 31, 32], as well as inhibiting effects on polycyclic aromatic 

hydrocarbon (PAH) and/or soot formation in non-premixed methane flames [24, 33]. With respect to larger 

OMEn fuels as additive to methane, the only available report is, to our knowledge, by Herzler et al. [14], who 

investigated the IDTs and combustion products of methane mixtures with OME1, i.e., dimethoxymethane 

(DMM, CH3OCH2OCH3), in a high-pressure ST. While Fig. 1 shows, as a contrast to DME addition, the very 

limited amount of data involving DMM, the authors [14] found also DMM to be an effective reactivity 

enhancer for methane. Furthermore, we are not aware of a detailed speciation study in flames of 

DME/methane or DMM/methane. Flames normally cover a larger range of temperature involving the 

chemistry at both high and low temperature, as well as the transition regime and reaction times relevant to 

engines. They also include transport processes that are involved in the HCCI engine conditions but cannot 

be considered in the reported PFR, ST, and RCM systems [6, 7, 10, 14, 19-29]. Moreover, in comparison to 

these facilities, the studied flame configuration can provide information on an extended species pool (e.g., 

radicals [34, 35]). Therefore, such flame speciation measurements are highly valuable for understanding the 

combustion characteristics and the underlying kinetics [36]. They can also provide complementary data to 
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the existing low-temperature and high-pressure literature data for a critical inspection and development of 

comprehensive models for the fuel blends, which cannot be applied with confidence to a practical 

polygeneration system without validation against a wide range of laboratory-scale combustion experiments. 

Furthermore, the alternative concept of stratified combustion in engines with spark ignition could also be of 

interest for polygeneration processes, requiring the study at a broad range of equivalence ratios and 

temperatures that are prevailing in stratified combustion. 

In the present work, we therefore address the combustion chemistry of mixtures of DME (OME0) and DMM 

(OME1) with methane in low-pressure flames with an aim to understand and compare their reaction properties 

and to explore the potential of both additives in a CH4-fueled polygeneration process. It is noteworthy that 

despite of the wealth of insight into single-fuel combustion [37-42] and the fact that several recent models 

are available for DME or DMM, including the Burke DME model [22] (or AramcoMech 3.0 [43]), and the 

Jacobs DMM model [44], questions remain whether these OMEn models can properly describe the flame 

chemistry of their fuel blends with methane. For polygeneration-relevant conditions, a comprehensive and 

widely validated model appears desirable that can describe the DME/DMM/CH4 system in appropriate detail 

yet with attractive computational cost suitable for implementation into computational fluid dynamics (CFD) 

codes, so that it could be used for an efficient modeling-assisted evaluation or development of a HCCI engine-

based polygeneration process.  

With respect to this goal, we have investigated laminar premixed low-pressure fuel-rich flames of DME, 

DMM, and their blends with methane using electron ionization molecular-beam mass spectrometry (EI-

MBMS) to obtain detailed quantitative speciation data of major species and intermediates. Six flames with 

different amounts of DME or DMM from 100% to 20% (mole percentage) and equivalence ratios (Ф) of 1.4 

and 1.7 were measured to provide data in an appreciable range of conditions for a critical inspection of models. 

Special attention was paid to the formation of useful chemicals including syngas, unsaturated and partially 

oxidized hydrocarbons, to provide fundamental insight for a potential polygeneration process. On the basis 

of these experiments, a relatively compact model PolyMech2.1 was then developed, extending the previous 

PolyMech model for DME/CH4 [9, 28] to comprehensively describe the present DME/DMM/CH4 system. 

Importantly, in addition to the obtained flame data, this PolyMech2.1 was validated over a large range of 

polygeneration-relevant conditions (p=6-100 bar, Ф=2-20) in different combustion facilities, so that it can 

be applied with confidence as a predictive tool for a polygeneration process. It was then deemed interesting 
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to assess, on the basis of this extensive validation, whether apparently useful behavior under more 

fundamental conditions could permit an explorative assessment of the suitability of the additives for 

prototypical HCCI conditions. To this end, a model-based parameter study and exergy analysis was 

performed to identify interesting conditions for the production of target chemicals (e.g., syngas) and output 

of work and heat in an assumed HCCI engine polygeneration process. 

2. Experiments 

Laminar premixed flames were stabilized on a vertically movable homemade flat bronze burner (63.82 mm 

diameter, water-cooled to 333 K) and investigated using the EI-MBMS setup at Bielefeld University. 

Conditions for the investigated six flames are tabulated in Table 1. They comprise neat fuels of DME and 

DMM, fuel mixtures of 62% DME/38% CH4 and 50% DMM/50% CH4 at Ф=1.7, as well as 

20% DME/80% CH4 and 20% DMM/80% CH4 at Ф=1.4. Note that equivalence ratios and additive amounts 

are not identical for the DME and DMM cases depending on the attainable range of stable flame conditions. 

Since the flame structure and chemistry of methane have been extensively investigated and well understood 

[42, 45-48], neat CH4 flames were not measured in this study. All flames here were stabilized at the same 

pressure (p) of 40 mbar with oxygen as the oxidizer and an argon dilution of 50%. The total inlet flow rate 

was kept at 3.8 slm (standard liter per minute at p=1 atm, T=273 K), yielding a cold gas velocity of around 

61 cm s-1 (40 mbar, 333 K). 

Table 1. Experimental conditions of the investigated laminar premixed flames. The inlet mass flow and carbon 

flux are normalized to the cross-sectional area of the burner. 

Fuel blends 

(mol%) 
x(CH4) x(DME) x(DMM) x(O2) x(Ar) Ф C/O 

Mass flow 

(g cm-2 s-1) 

Carbon flux 

(mol cm-2 s-1) 

100DME - 0.181 - 0.319 0.500 1.7 0.442 3.395·10-3 3.195·10-5 

62DME/38CH4 0.074 0.122 - 0.304 0.500 1.7 0.438 3.221·10-3 2.819·10-5 

20DME/80CH4 0.156 0.039 - 0.305 0.500 1.4 0.359 3.002·10-3 2.062·10-5 

100DMM - - 0.149 0.351 0.500 1.7 0.447 3.750·10-3 3.951·10-5 

50DMM/50CH4 0.090 - 0.090 0.320 0.500 1.7 0.442 3.397·10-3 3.196·10-5 

20DMM/80CH4 0.147 - 0.037 0.316 0.500 1.4 0.366 3.108·10-3 2.278·10-5 

The gas flows of DME, methane, and oxygen (Linde AG, ≥99.5%) were regulated by calibrated mass flow 

controllers (MKS Instruments, ~5% uncertainty), and that of argon (Linde AG, ≥99.996%) was controlled 

by Coriolis flow meters (Bronkhorst). Liquid DMM (Sigma-Aldrich, ≥99.0%) was evaporated in a standard 

vaporizer system (Bronkhorst/CEM) with argon as the carrier gas, and then mixed with the gas mixture before 
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flowing into the burner. 

The EI-MBMS setup used to detect stable and reactive species has already been described before [49, 50] 

and only important aspects will be presented here. Gas samples as a function of position were extracted from 

the flame via a quartz nozzle (~500 μm orifice, 25o opening angle) and expanded into the first pumping stage 

(10-4 mbar) to rapidly quench further reactions, and then guided through a copper skimmer into the ionization 

chamber of the mass spectrometer (10-6 mbar). A two-stage Wiley-McLaren ion source with a reflectron 

time-of-flight (TOF) detection unit (mass resolution m/Δm ≈ 3900) enables unambiguous determination of 

the elemental composition of C/H/O species. The electron energy used for ionization was kept as low as 

possible while ensuring good signal-to-noise ratio, to minimize undesired fragmentation. Specifically, 

nominal electron energies of 10.5 and 12 eV for intermediate species detection and 15 eV for major species 

detection were chosen.  

The data evaluation procedures followed those reported previously [49]. Fragmentation corrections of the 

integrated mass signals as a function of height above the burner h were performed for possible fragment ions 

originating from the fuel and selected important intermediate species (methane in neat DME or DMM flames; 

acetylene, ethylene, ethane, methanol, propene, and methyl formate in all flames), relying on independent 

cold-gas measurements for these species. Moreover, isotope corrections for 13C and 18O isotopes were also 

performed. The corrected mass signal Si of a species i can be expressed as a function of its mole fraction xi, 

as given in Eq. (1): 

( ) ( ) ( )i i i iS x c SW D FKT h f E d              (1) 

Here, c is an instrument factor, φ is the number of electrons, SW is the number of sweeps, Di is the mass 

discrimination factor, FKT(h) is a position- and temperature-dependent sampling function, and 

( ) ( )i f E d      corresponds to convolution of the energy distribution of the electrons with the energy-

dependent ionization cross section, where τ is the integration variable. Di has been investigated previously 

by Schenk et al. [50] and these factors were set to unity for all species except H2 that was internally calibrated 

as described below. Quantification with Eq. (1) can be simplified by using an energy- and species-dependent 

calibration factor ki/Ar relative to an inert species, which is argon in this case: 
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/ ( )
( ) ( )

( ) ( )

i ii i i

i Ar

Ar Ar Ar Ar Ar

x
k E

x

D f E dS x

S x D f E d

   

   


  
  

  
 (2) 

Calibration factors of major species (DME, DMM, CH4, O2, H2O, CO, CO2, H2) were determined relying on 

an internal calibration procedure based on the element balances of C, H, O and the derived calibration factor 

of CO/CO2 from direct measurement of an Ar/CO/CO2/H2 cold-gas mixture with known composition [50]. 

Calibration factors of important intermediates, i.e., methane (only for 100DME and 100DMM flames), 

acetylene, ethylene, ethane, methanol, propene, and methyl formate, were obtained by direct calibration 

measurements for the respective cold-gas mixtures with known compositions. For the remaining detected 

species, calibration factors were estimated either using the relative ionization cross section method (RICS) 

[51] or the convolution of the literature ionization cross sections with the known energy distribution of the 

ionization electrons [50]. The resulting uncertainties for mole fractions of respective species are estimated to 

be within 30% for the internal calibration and direct calibration procedures, and within a factor of 2-4 for the 

RICS and convolution procedures depending on the available EI cross-section data from literature. In cases 

where none of the above calibration methods are feasible, the qualitative species profiles are presented in 

terms of signal intensities normalized by the Ar signal, which is directly proportional to the species mole 

fraction according to Eq. (1). All experimental data including species-related information on the respective 

calibration method are tabulated in Supplemental Material 1 (SM1). 

Flame temperature profiles were obtained following the sampling-rate-based procedure described by 

Struckmeier et al. [52], which relies on the pressure in the first pumping stage and a calibration temperature 

in the exhaust gas zone. In this study, the calibration temperature was measured independently without the 

sampling nozzle by using a type R thermocouple (diameter 0.45 mm) coated with SiO2. A radiation correction 

was performed following previously reported procedure [53, 54] based on a known DME flame temperature 

profile obtained by OH planar laser-induced fluorescence (PLIF) as described in [55]. Temperature profiles 

of the six investigated flames are available in SM1 and were used as input for the chemical kinetics 

simulations. The uncertainty in the temperature measurement is estimated to be ±10%, which is within the 

typical range given by Egolfopoulos et al. [56]. To evaluate the sensitivity of the simulation results to 

temperature, simulations of investigated flames with reduced (-10%) and increased (+10%) temperatures 

were performed with the PolyMech2.1 model developed in this work (see Section 3.1); selected results are 

given in Section S-I in SM2. Changing the temperature within this complete uncertainty range shows no 
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significant influence on the mole fractions of the main species and most intermediates. Although higher 

deviations (up to a factor of two depending on the mixtures, conditions, and species) were observed at 

reduced temperatures for species that are very sensitive to temperature, i.e., CH4 and C3H8 for most of the 

flames and DME and CH3OH for the DMM(/CH4) flames, the conclusions drawn in this work are not affected. 

The yield of products was calculated on the basis of H atoms for H2 and H2O and of C atoms for C-containing 

products, according to the formula: 

Reactants

number of C or H atoms in product species 
=

 number of C or H atoms in reactant species 

i out

i

j in

x n i
Y

x n j

 

 
 (3) 

where ṅin and ṅout are the total mole flow rates of the inlet reactants and outlet products, respectively. With 

respect to the flame data evaluation, the ṅout at height h above the burner was derived from the ratio of the Ar 

mole flow rate to the Ar mole fraction at h.  

3. Modeling and polygeneration test cases 

A comprehensive but still compact DME/DMM/CH4 chemical kinetic model (PolyMech2.1) was developed 

in this study with a special focus on engine-based polygeneration processes. Simulations of the measured 

flames were performed using the premixed laminar burner-stabilized flame module of ChemKin-Pro R1 2020 

[57] including thermal diffusion and a multi-transport approach. With respect to the model examination 

process, i.e., for the simulation of ST, RCM, and PFR literature data, ChemKin-Pro R1 2020 [57] was also 

used with the modeling approaches described in the respective publications. To tentatively assess the HCCI 

engine-based polygeneration process with DME or DMM as additive to CH4, the PolyMech2.1 was further 

used in the engine simulations. In the following, we will describe relevant details of model development and 

validation (Section 3.1) as well as on the simulation of the polygeneration test cases (Section 3.2). 

3.1. Kinetic model and validation 

The PolyMech2.1 model extends the previous PolyMech model on fuel-rich oxidation of CH4/DME mixtures 

that was developed by Porras et al. [28] and modified (to PolyMech2.0) by Kaczmarek et al. [9]. The DMM 

sub-mechanism is included from the recent Jacobs model [44] that was validated against a huge dataset 

comprising IDTs, laminar burning velocities, and speciation data at engine-relevant conditions. Their DMM 

sub-mechanism was developed by analogies with diethyl ether and n-pentane together with reaction rate 
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coefficients of the DMM mechanisms proposed by He et al. [58] and Vermeire et al. [59]. In addition, the 

PolyMech2.1 is improved by adding missing reactions of methyl formate, also taken from Jacobs et al. [44]. 

The added reactions lead to a better prediction of oxygenated species such as methanol and formaldehyde 

and other major intermediates. Finally, reaction rate coefficients of some relevant reactions are modified to 

improve the prediction of the flame speciation data for fuel-rich DME/CH4 and DMM/CH4 mixtures, as 

summarized in Table 2. Since the model is intended to simulate conditions covering a wide pressure range 

from 0.04 to 100 bar, special attention is paid to the pressure dependences of important reactions in the model 

development. Relevant reactions are identified by sensitivity analyses with respect to species that are not 

well predicted by the previous model, in particular C2H2, CH2CO, and some C3 intermediates, for several 

flame conditions. The sensitivity analyses can be found in Section S-II in SM2. 

For these modifications, the NUIGMech1.1 [60], one of the most recent and comprehensive reaction 

mechanisms for C0-C7 species, is used as a source for the most recent thermodynamic data and reaction rate 

coefficients for the identified relevant reactions. Additionally, we reviewed the literature for the origin of 

each coefficient and possible new developments. Especially with respect to the rate coefficients of the 

reactions R6 and R9 in Table 2, new contributions can be found in [61] and [62], respectively. Vichietti et al. 

[61] proposed a new rate coefficient for the decomposition of formyl radical to CO and H radicals (R6) 

obtained by high-level quantum chemical methods. Nevertheless, their proposed expression is at the high-

pressure limit, estimated to be at 9.8·104 atm at 700 K. In contrast, the rate coefficient proposed by Li et al. 

[63], also implemented in the NUIGMech1.1, represents the low-pressure limit; they showed, however, that 

deviations from experimentally obtained low-pressure limit data (up to 100 bar) only become significant at 

T < 580 K. Thus, the low-pressure limit rate coefficient of [63] is used in PolyMech2.1. Xu et al. [62] 

proposed a new theoretically-derived total rate coefficient for the CH3 + O reaction including the branching 

ratios of individual products at temperatures between 200 and 2600 K. Comparing the rates obtained by this 

rate coefficient with those obtained by the rate coefficient of Harding et al. [64] that is implemented in the 

NUIGMech1.1, deviations of up to 20% at T < 500 K are found with an intersection at 500 K and lower 

deviations at higher temperatures. However, two different rate coefficients for the temperature ranges 200-

1000 K and 1000-2600 K were given by Xu et al. [62], which cannot be easily implemented in the reaction 

mechanism. In contrast, Harding et al. [64] proposed a single rate coefficient which showed to well reproduce 

experimental data in the range 200-2500 K so that it is used in the present PolyMech2.1 model.  
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Comparing the rates of R9 and the rates obtained by the second product channel of CH3 + O towards CO, H, 

and H2, also included in PolyMech2.0 [9], the branching ratio of 0.6:0.4 (R9: Second channel) proposed by 

several authors [62, 65, 66] is also obtained at nearly all temperatures. Unlike in the NUIGMech1.1, in which 

the rate coefficient of R1 proposed by Tranter et al. [67] was reduced by a factor of 2.2, the original rate 

coefficient is used in PolyMech2.1.  

As a further consideration, the rate constants of R2, R5, R10, and R11, R12 that were implemented 

independent of pressure in the previous PolyMech2.0 [9] are now described in PLOG and Troe format in 

PolyMech2.1, respectively, in this work. Particularly the rate of the reaction of methyl and hydroxyl radicals 

(R5) yielding hydrogen and formaldehyde, which can be an important product species in polygeneration 

processes, changes significantly at temperatures below 1000 K with increasing pressure. 

Table 2. Modified reactions in PolyMech2.1 in comparison to the previous PolyMech2.0 [9] (added reactions 

related to methyl formate and the DMM sub-mechanism are not listed here). The reaction rate coefficients are in 

the form k = ATnexp(-EA/(RT)). Units are mol, cm, s, and kJ. 

Reaction A n EA Ref. 

R1 CH3OCH3 + CH3 = CH3OCH2 + CH4 1.019·101 3.78 40.560 [67] 

R2 C2H3 + O2 = CH2CHO + O 1.600·1023 -3.22 36.388 [68]a,b 

R2 C2H3 + O2 = CH2CHO + O 6.670·109 0.72 3.256 [68]a,b 

R3 C2H2 + O = HCCO + H 2.958·109 1.28 10.343 [69] 

R4 C2H2 + O = CH2 + CO 7.395·108 1.28 10.343 [69] 

R5 CH3 + OH = CH2O + H2 5.374·109 0.29 1.172 [70]b 

R6 CHO + M = CO + H + M 4.749·1011 0.66 62.216 [63] 

R7 C3H8 (+M) = C2H5 + CH3 (+M) 1.550·1024 -2.03 378.183 [71]c 

R8 CH3OCH3 (+M) = CH3 + CH3O (+M) 2.330·1019 -0.66 352.04 [72]c 

R9 CH3 + O = CH2O + H 5.540·1013 0.05 -0.570 [64] 

R10 C3H3 + C3H3 = C6H6 3.889·1050 -11.01 85.019 [73]b 

R11 HOCHO (+M) = CO + H2O (+M) 7.500·1014 0.00 287.483 [74]c 

R12 HOCHO (+M) = CO2 + H2 (+M) 4.500·1013 0.00 285.516 [74]c 

a The rate coefficient of R2 was fitted by a sum of two modified Arrhenius equations. 
b At p=10 bar. See SM3 for rate coefficients at different pressures. 

c See SM3 for low-pressure limits and Troe parameters. 

The final PolyMech2.1 kinetic model consists of 947 reactions and 192 species and has the advantage of 

being much smaller than other typical DME/DMM/CH4 models, e.g., the models of Jacobs et al. [44] (2889 

reactions, 530 species) and Sun et al. [75] (2824 reactions, 524 species). It therefore allows for a significantly 

reduced computational cost for engine simulations (see Section 4.2), while still permitting to predict the 
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formation of key soot precursors such as benzene and some larger PAHs such as pyrene. An appropriate 

estimate of the extent of soot precursor formation is of particular importance for the identification of suitable 

engine conditions for polygeneration processes that typically operate under fuel-rich conditions. Note that 

the low-temperature chemistry and the involved important oxygenated species such as the ketohydroperoxide 

(HOOCH2OCHO) are also included in the mechanism. The PolyMech2.1 model developed here is thus 

expected to be a well-suited prediction tool for an engine-based polygeneration process. 

For a critical inspection, the PolyMech2.1 model was first examined against the measured flame data in this 

study (see Section 4.1 for details). Furthermore, Section S-III in SM2 includes a comparison with the recently 

validated Jacobs model [44], showing that the PolyMech2.1 model can consistently and satisfactorily 

reproduce the flame data for major species and most of the intermediate species under different conditions, 

with a quality quite similar to the predictions of the Jacobs model [44]. In addition, experimental data from 

the literature at elevated pressure and Ф ≥ 2 were selected for model inspection to assess its performance for 

engine-like and polygeneration-relevant conditions. In particular, data obtained with DME/CH4 mixtures in 

different facilities were used, including speciation in a ST [9] and PFR [9, 26, 28], and IDTs in a ST and 

RCM [22]. With respect to DMM/CH4 mixtures, only limited data are available in the literature and we 

examined the IDT measurements in a ST by Herzler et al. [14]. The inspected experimental dataset thus 

covers equivalence ratios of 2-20, temperatures of 400-2000 K, and pressures of 0.04-100 bar. The 

comparisons between model predictions and experimental data are included in Section S-IV in SM2, and 

only selected results are presented here: Speciation data of DME/CH4 in a PFR at high equivalence ratios 

and intermediate to high pressures in Fig. 2; IDT data of DME/CH4 and DMM/CH4 in a ST and an RCM at 

intermediate to high equivalence ratios and pressures in Fig. 3. As can be seen here and in SM2, overall 

respectable agreement is shown with capturing the trends consistently and matching quantitative results 

within the experimental uncertainties in most cases. The large deviation in the absolute mole fraction of 

CH2O in the high-pressure case (Fig. 2c2) might be related to the low signal-to-noise ratio in the experiments, 

as mentioned in the respective paper [26] , that could lead to higher uncertainties than the assumed 20%. The 

IDTs for the 5% DMM mixture at Ф=10 are also noted to be overpredicted at temperatures higher than 

1050 K (Fig. 3a). However, this result is not surprising, since the deviation was also found for several reaction 

mechanisms in the original paper [14], including that of Jacobs et al. [44]. 
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Fig. 2. Comparison of PolyMech2.1 model results with the experimental DME/CH4 PFR speciation data of Porras 

et al. (upper figures: p=6 bar, Ф=10) [28] and Hashemi et al. (lower figures: p=100 bar, Ф=20) [26]. 

 

Fig. 3. Comparison of PolyMech2.1 model results with the experimental IDT data of DMM/CH4 in ST from 

Herzler et al. ((a): p=30 bar, Ф=2, 10) [14], DME/CH4 in ST and RCM from Burke et al. ((b, c): p=7, 20, 30 atm, 

Ф=2) [22], and DME/CH4/C2H6/C3H8 in ST from Kaczmarek et al. ((d): p=30 bar, Ф=2, 10) [9]. 

3.2. Polygeneration test cases 

To examine polygeneration-relevant conditions regarding the potential feasibility of DME and DMM as 

performance-enhancing additives, we have performed selected engine simulations with the validated 

PolyMech2.1 model. In these simulations, several typical HCCI engine configurations were selected, and 

yields of syngas, together with work and heat, were analyzed with respect to exergetic and kinetic aspects 

for conditions of relevance, varying mainly size (bore/stroke ratio), rotation speed, and inlet temperatures. 

These simulations are thought to provide some insight into the influence of important parameters and may 

guide respective experiments in different existing engine environments.  
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The HCCI engine was represented by a time-dependent four-stroke single-zone model with detailed chemical 

kinetics and was modeled in Cantera [76] within Python. In this framework, a homogeneous reactor model 

with a time-varying volume was used. The piston velocity was calculated according to [77]. For each time 

step, the cylinder volume was calculated, and energy and species conservation equations were solved using 

an ODE solver, depending on the respective stroke, assuming a closed system during inlet valve closing (IVC) 

and exhaust valve opening (EVO) and an open system between EVO and IVC. The differential equations 

were described in our previous work [78]. The general maximum time step is 10-5
 s, however, each time step 

can be additionally subdivided to prevent convergence issues. An ideal gas behavior was assumed for the 

cylinder charge. The mass flows through the inlet and outlet valves depend on the pressure difference to their 

fresh gas and exhaust gas environment. While the fresh gas environment is at ambient pressure, the exhaust 

back pressure is assumed to be 0.2 bar. The species generation is based on the elementary reaction mechanism 

developed in this study. 

The convective heat transfer through the cylinder walls was calculated using the literature heat transfer model 

from Chang et al. [79] according to Eq. (4): 

h (t) = C ∙ L(t)-0.2 ∙ p(t)0.8 ∙ T(t)-0.73 ∙ (C1∙s̅p + C2/6 ∙ Vd/Vr ∙ Tr/pr ∙ (p(t) – pmot(t)))0.8   (4) 

where C, C1, and C2 are constants taken from [79] (C=110, C1=6.18, and C2=0 during gas exchange stroke, 

C1=2.28 and C2=0 during compression and expansion, and C1=2.28 and C2=3.23∙10-3 m/(s∙K) during 

combustion), Vd is the displacement volume, L is the actual cylinder height, p, pmot, and T are the actual in-

cylinder pressure, motored pressure, and temperature, respectively. Vr, Tr, and pr are reference conditions, 

usually chosen at IVC, and s̅p is the mean piston speed. This heat transfer model is chosen here since it is 

designed for the prediction of heat losses in HCCI engines.  

The chosen modeling approach has been shown to be feasible in terms of the species prediction in previous 

polygeneration studies [2]. In addition, a comparison between the single-zone model (SZM) and a multi-zone 

model (MZM) with 12 zones [80] of an HCCI engine performed by Freund et al. [81] showed that the number 

of zones has no significant effect on the fuel conversion, species production, and exergetic efficiency. Since 

the simulation time increases strongly with the number of zones, the SZM was used in this feasibility study 

to save computational time. It should be mentioned that, as a compact model, PolyMech2.1 showed the 

advantage of significantly decreased simulation times (by a factor of 20 (SZM) to 300 (12 zone MZM)) 
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compared to the recent Jacobs model [44]. This allows to perform systematical parameter studies and utilize 

optimization procedures with acceptable computational cost. For the entire parameter study carried out here, 

the computation time was 137 hours using 16 CPU cores. 

We have chosen three generic engine types for these simulations (oriented towards, e.g., car engines or ship 

engines) which mainly differ in size (bore (in mm)/stroke (in mm): 81/95.5-460/580) and speed (600-

3000 min-1) to identify potentially advantageous operation conditions for the discussed polygeneration 

process. DME/CH4 and DMM/CH4 mixtures with air as the oxidant were analyzed for intake temperatures 

(T0) of 323-723 K, equivalence ratios of 1-10, and additive amounts of 0%-20% with a specific focus on 

syngas production. To enable the ignition of the CH4/air mixture, the necessary intake temperatures and the 

required amount of additive were determined. A brief summary of the chosen engine parameters and 

operation conditions can be found in Section S-VI in SM2.  

4. Results and discussion 

In the following sections, the flame results will be discussed first (Section 4.1) in terms of the major species 

behavior (Section 4.1.1) and fuel-specific intermediate species formation (Section 4.1.2). Special attention 

will be paid to the yields of interesting products under different conditions, e.g., syngas, selected 

hydrocarbons, and oxygenated compounds. Subsequently, the validated PolyMech2.1 will be used to explore 

potentially favorable polygeneration conditions using DME/CH4 and DMM/CH4 mixtures in the assumed 

HCCI engine environments (Section 4.2). These explorative parameter studies will focus on the formation of 

syngas, together with work and heat output, as well as sooting propensity and exergy analyses.  

4.1. Flame results and related discussion 

4.1.1. Major species behavior and syngas yields 

Experimental mole fraction profiles of the fuels (DME, DMM, CH4) and yield profiles of the produced syngas 

(CO, H2) are given in Fig. 4, together with the model predictions. Speciation data of other major species (O2, 

H2O, CO2) for the DME- and DMM-related flame series are provided in Section S-V in SM2.  

As can be observed, the flame structure in different flames can be consistently and satisfactorily reproduced 

by the PolyMech2.1 model, indicating that the model can properly describe the underlying flame chemistry. 

A shift of the flame front downstream upon a partial replacement of DME or DMM by CH4 at the same Ф of 
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1.7 can be noted from the fuel consumption profiles in Fig. 4a1,a2 indicating a decreasing burning velocity 

that is in line with literature results for DME/CH4 mixtures [19, 21, 25, 27, 31]. Also, both DME and DMM 

exhibit a more rapid consumption than CH4 along the height above the burner, suggesting a higher reactivity 

of the OME0-1 fuels compared to CH4, underlining their suitability as ignition enhancers in the discussed 

polygeneration process. Note that an enhanced stability of CH4 flames with DME addition was already 

previously confirmed [31]. 

 

Fig. 4. Mole fraction profiles of the fuels (a1,a2) and yield profiles of H2 and CO (b1,b2) for the investigated 

DME (/CH4) (left) and DMM (/CH4) (right) flames. Symbols: Experimental results; Lines: PolyMech2.1 model 

results. Error bars are given for selected points to show the experimental uncertainty. 

Rate of production (ROP) analyses of the investigated flames were performed in order to understand the 

reaction patterns of the different fuel mixtures at different Ф, as shown schematically in Fig. 5. H-abstraction 
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reactions (majorly by H and OH etc.) dominate the consumption pathways of both DME and DMM with 

contributions of over 75% for the DME(/CH4) and 38% for the DMM(/CH4) flames, forming the fuel 

radical(s) CH3OCH2, and CH3OCHOCH3 and CH3OCH2OCH2, respectively. Similarly, CH4 is mostly 

converted into CH3 radicals. Partial replacement of DME or DMM by CH4 at the same Ф of 1.7 has only 

minor influence on the main consumption pathways, in agreement with previous flame studies on DME/iso-

butane [82], DME/n-heptane [83], DME/iso-octane [84], and DMM/ethane [40]. As seen from the ROP 

analyses in Fig. 5, the contributions of the respective routes to DME, DMM, or CH4 consumption are only 

slightly changed upon the partial replacement of DME or DMM by CH4 at Ф = 1.7. This is not surprising, 

since the reaction patterns in Fig. 5 reveal that the interactions between CH4 and DME or DMM are majorly 

limited to the interconversion of CH4 and CH3. Nevertheless, the mole fraction of species might differ in 

different flames due to the differences in the C/H/O ratio and temperature profile. In addition, unimolecular 

decomposition reactions also contribute considerably to the consumption of both DME (via 

CH3OCH3 = CH3O + CH3) and DMM (via CH3OCH2OCH3 = CH3OH + CH3 + CHO and 

CH3OCH2OCH3 = CH3OCH3 + CH2O), especially at Ф=1.7. The C–O bond scission of DME produces CH3 

and CH3O, whereas DMM can undergo at least two bond scission paths to form intermediates such as 

CH3OCH3 (DME) and CH2O (formaldehyde), and CH3OH (methanol), respectively.  

 

Fig. 5. Main reaction networks of the investigated DME (/CH4) (a) and DMM (/CH4) flames (b) based on the ROP 

analyses by integrating the ROP coefficients along the entire flame range using the PolyMech2.1 model. The 

numbers are percent contributions to the consumption of the species on the source side of the arrow. 
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Not unexpectedly, the equivalence ratio noticeably affects the importance of different consumption pathways. 

At lower Ф, the unimolecular decomposition routes become less important for both DME and DMM 

consumption, while the H-abstractions show higher contributions primarily due to the increased 

concentrations of OH and O. 

Interestingly, in the studied flames, relatively clean syngas can be formed as stable product in the burnt gas 

with relatively high yields of up to ~78% for CO and ~35% for H2 depending on the conditions, pointing 

towards potentially efficient syngas production in a polygeneration process. As shown in Fig. 4, the addition 

of CH4 into a DME or a DMM flame at Ф=1.7 slightly enhances the yields of both, CO and, less pronouncedly, 

of H2, e.g., from ~65% and ~32% for 100DMM to ~72% and ~35% for 50DMM/50CH4, respectively. 

However, this behavior does not necessarily apply to polygeneration-relevant conditions. For instance, as 

will be presented later in Section 4.2, a higher CH4 fraction of the DME/CH4 mixtures in the model engine 

could also reduce the syngas yield at a Ф of ~3.0. Obviously, most of the consumed carbon in the flame is 

finally converted into CO, primarily via the typical combustion pathways of CH2O → CHO → CO, where 

CH2O is majorly formed from the fuel fragments (e.g., CH3OCH2, CH3O, CH3) or directly from the bond 

scission of DMM (see Fig. 5). As seen from Fig. 4b1,b2, DME exhibits a slightly higher syngas yield 

(especially H2) in comparison to DMM, in line with the engine simulation results discussed later in Section 

4.2. As expected, the yield of CO and more pronouncedly that of H2 decreases slightly towards Ф=1.4 due 

to the enhanced oxidizing conditions, confirming that a richer condition might be favored for syngas 

production in a polygeneration process using the DME/DMM/CH4 fuel system. Similarly, the above results 

indicate a more pronounced effect of the equivalence ratio than of the DME or DMM additive amount. 

4.1.2. Intermediate species formation 

Apart from CH4, numerous C1-C4 hydrocarbon and oxygenated intermediates were detected in all 

investigated flames. The combination of CH4 with DME or DMM does not result in the formation of new 

intermediates but alters noticeably most of their concentrations. The discussion here focuses on experimental 

and simulated mole fractions of several products that are potentially interesting for a polygeneration process, 

i.e., C2H2 (acetylene), C2H4 (ethylene), and C2H6 (ethane) in Fig. 6, as well as CH2O (formaldehyde), CH3OH 

(methanol), and CH3OCHO (methyl formate) in Fig. 7. Note that the detection of C2H4O2 was typically not 

reported in previous MBMS studies of premixed DME flames [37-39, 83-85], which might be due to 

overlapping signals with the neighboring C3H8O peak. Here, C2H4O2 is calibrated as CH3OCHO for all 
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investigated flames, since it is one of the major intermediates in low- to intermediate-temperature DME 

oxidation [86] and was already detected previously in premixed DMM flames [40, 87]. Moreover, to better 

visualize the formation tendency of these species under different conditions, their maximum yields along the 

height above the burner are given in the insets of Fig. 6 and Fig. 7.  

 

Fig. 6. Mole fraction profiles of C2H2 (a), C2H4 (b), and C2H6 (c) for the investigated DME(/CH4) (left) and 

DMM(/CH4) (right) flames. The maximum experimental yield of each species in different flames is given in the 

insets. 

Several other intermediates were also detected in all investigated flames, but with mostly lower mole 

fractions. These species are beyond the focus of the discussed polygeneration process, but their detailed 

speciation data and discussions are beneficial for the understanding of the fundamental kinetics and are 

therefore presented in Section S-V in SM2, including C3H4 (calibrated as propyne), C3H6 (propene), C3H8 

(propane), C4H6 (calibrated as 1,3-butadiene), CH2CO (ketene), CH3CHO (acetaldehyde), CH3OC2H5 

(methoxyethane), and the two radicals CH3 (methyl) and C3H3 (propargyl) for both the DME and DMM 

flame series, as well as C2H6O (calibrated as DME, although some presence of its isomer ethanol may not be 

ruled out [88]) and an unspecified species C4H9O2 that were additionally detected as intermediates in the 

DMM flames. Assignment of these species are consistent with previous measurements and/or pertinent 
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modeling studies on DME and DMM flames [37-40, 83-85, 87, 89, 90]. Note that most of these species are 

not easily accessible in PFR, ST, and RCM conditions [9, 23, 26, 28]. 

 

Fig. 7. Mole fraction profiles of CH2O (a), CH4O, calibrated as CH3OH (b), and C2H4O2, calibrated as CH3OCHO 

(c) for the investigated DME(/CH4) (left) and DMM(/CH4) (right) flames. The maximum experimental yield of 

each species in different flames is given in the insets. 

As shown in Fig. 6, C2H2, C2H4, and C2H6 are the major hydrocarbon intermediates for all investigated flames 

with maximum mole fractions of up to 10-3 and yields of 2.1%-4.4%. Due to the absence of a C–C bond in 

the DME or DMM molecule, the intermediately formed CH3 radical dominates the production of these C2 

hydrocarbons through an initial recombination and the subsequent dehydrogenation processes: CH3 → C2H6 

→ C2H5 → C2H4 → C2H3 → C2H2 (see Fig. 5). This mechanism accounts for the observed earlier build-up 

of C2H6 than of C2H4 and C2H2 in Fig. 6. As seen from the figures in Section S-V and Fig. 6, upon 

combination of DME or DMM with CH4, the yields of CH3 and its recombination product C2H6 are not 

perceptibly enhanced, and even, surprisingly, slightly decreased in the DMM flames, indicating that in 

comparison to CH4 fuel, a net formation of CH3 is comparably favored in the DME or even more favored in 

the DMM flame. Nevertheless, combining CH4 with DME or DMM at the same Ф leads to a slight increase 

of C2H2 yield in both series of flames (see Fig. 6a1,a2). 

CH2O is the dominant oxygenated intermediate in all investigated flames with maximum yields of up to 7.3% 
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and 8.7%, respectively, in the 100DME and 100DMM flames, as seen in Fig. 7. Interestingly, CH3OH and 

CH3OCHO also show comparably high mole fractions of up to 10-3-10-2 and yields in the range of 0.6%-6.7% 

in the DMM(/CH4) flames, which is 1-2 orders of magnitude higher than those observed in the DME(/CH4) 

flames. The ROP analyses for DMM(/CH4) flames suggest that unimolecular decompositions of the fuel and 

the major fuel radical CH3OCHOCH3 provide additional fuel-specific routes that are even predominant for 

CH3OH and CH3OCHO formation with contributions of over 96% in all DMM (/CH4) flames. This behavior 

suggests DMM as a potentially interesting fuel additive for a polygeneration process that targets production 

of high-value chemicals (e.g., formaldehyde, methanol, methyl formate) [2, 28, 91]. Nevertheless, this 

statement should be regarded with caution, since OMEn fuels are commonly produced from a multi-step 

synthesis involving methanol and formaldehyde [91, 92]. Due to the presence of C–O bonds in the molecule, 

DME and DMM are expected to feature a higher formation propensity of oxygenated compounds than 

hydrocarbons [23, 40], in line with the observations in Fig. 7 that combining CH4 with DME or DMM in 

flames at the same Ф slightly decreases the yields of all presented oxygenated intermediates. Moreover, a 

lower Ф of 1.4 in combination with a higher CH4 fraction further decreases the yields of these species, 

partially due to a favored formation of the fully oxidized product CO2. However, an exception occurs for 

CH3OCHO in the 20DMM/80CH4 flame, where an enhanced yield is observed at Ф=1.4 (see Fig. 7c1). The 

model prediction cannot capture this behavior and also remarkably under-estimates the CH3OCHO mole 

fractions for all DME (/CH4) flames, suggesting that uncertainty exists in the experiments or model for 

CH3OCHO. The ROP and sensitivity analyses at the position of the maximum mole fraction of CH3OCHO 

showed that DME → CH3OCH2 → CH3OCH2O2 → CH3OCH2O → CH3OCHO is the main formation 

pathway of CH3OCHO, while the reactions CH3OCH3 + H = CH3OCH2 + H2 and CHO = H + CO are the 

most sensitive to the CH3OCHO mole fraction. Thus, these reactions, and possibly missing reactions to form 

CH3OCHO might need to be revisited in future studies. 

4.2. Model-assisted exploration of a polygeneration process for the selected HCCI engine test cases 

Polygeneration outputs of interest from HCCI engines include syngas, work, and heat. Here, we focus on 

achieving maximum yields of syngas at favorable H2/CO ratios without using excessively high intake 

temperature for DME and DMM as ignition enhancing additives to methane which also serve to control the 

combustion phasing. As a first step, reasonable operating conditions were tested systematically. Since this 

parameter variation is only intended to select conditions for an assumed polygeneration process, we will limit 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 

the description to some major aspects of importance for the further discussion (for details see Section S-VI 

in SM2). 

The necessary intake temperature T0 and additive amounts to achieve a stable combustion phasing of 5° 

before top dead center (bTDC) to 10° after top dead center (aTDC) were determined and reasonable operating 

conditions were tested. To this end, T0 was varied between 323 K and 723 K for additive amounts of DME 

or DMM between 0% and 20% at Ф=2.5, assuming an engine with a bore/stroke ratio of 

d/s=460 mm/ 580 mm and a rotation speed of N=600 min-1. For neat CH4/air mixtures, T0 >423 K is 

necessary to avoid misfires and addition of work to the system. Below 423 K, the CH4 conversion and syngas 

yield are insignificant with <5%. Above T0 >423 K, CH4 conversion and syngas yield increase rapidly to >80% 

and >60%, respectively, while the provided work has a maximum at 573 K associated with optimal 

combustion phasing. Higher temperatures can lead to premature ignition and possibly knocking. As expected, 

the addition of DME and DMM to CH4 has a reactivity-enhancing effect under the selected engine conditions 

and leads to an (earlier) ignition even at low temperatures. The main effect of DME or DMM addition is the 

formation of radicals at lower temperatures so that the consumption of methane is initiated earlier compared 

to neat CH4 mixtures. The formation of CH3 radicals is also slightly enhanced and the pathways towards 

formaldehyde are slightly preferred instead over the formation of higher hydrocarbons such as ethane (similar 

as the behavior in flames shown in Fig. 5). Nevertheless, the range of operation is limited for both additives: 

A DME amount of 2%-5% is required, while more DME leads to an unstable combustion phasing because 

of premature ignition. In contrast, an additive amount of 3%-8% DMM is required while higher amounts lead 

to a reduced reactivity due to the larger heat capacity. The larger heat capacity reduces the temperature after 

compression with increasing DMM amount and prevents ignition. Hence, the effect of lower intake 

temperatures cannot be compensated by a higher amount of DMM due to the higher specific heat capacity 

and the higher mass fraction of DMM at the same molar additive amount. Further tests indicated that a higher 

Ф shifts this phenomenon towards higher temperatures and higher additive amounts. 

For a comparison of the additives with respect to the production of syngas as well as work and heat output 

for several conditions, we describe some of the needed parameters for this analysis first and have then applied 

this formalism to different engine sizes. The work and heat outputs were obtained from the integral

dW p V   and from Fourier’s law, respectively. The yields of H2 and CO were computed according to 

Eq. (3) and the syngas yield as a whole was determined by YH2 ∙ YCO. Additionally, the combustion phasing 
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was analyzed by calculating the released heat per time unit according to Eq. (5): 

Q̇HR = V(t) ∙ R ∙ T(t) ∙ ∑ (h
i

0
i ∙ω̇i) (5) 

Here, R is the ideal gas constant, h0 is the nondimensional standard molar enthalpy of formation at the current 

temperature and pressure, and ω̇ is the net production rate (kmol∙m-3∙s-1). The index i is related to each 

species that is present at this time step. To evaluate the combustion phasing, the crank angle at which 50% 

of the heat has been released (CA50) was determined.  

For the following discussion, we focus primarily on the engine with the parameters given above which is 

oriented to a ship-size engine, while additional information on the other test cases is available in Section S-

VI in SM2. A comparison of the outputs as a function of equivalence ratio and additive amount for T0=423 K 

using DME or DMM as additive is depicted in Fig. 8, in terms of the syngas yield, H2/CO ratio, as well as 

power and heat output. The conversion of the respective fuels and the further products are not depicted here.  

ROP analyses in the engine simulations showed that the global pathways for the consumption of DMM, DME, 

and CH4, and the formation of the end products is similar under engine conditions to those in the flame 

conditions (see the ROP analyses for flames in Fig. 5). Only with respect to DMM, the engine conditions 

feature the formation of more unstable low-temperature intermediates such as CH3OCH2OCH2O due to the 

relatively low temperature. 

As shown in Fig. 8a1, the syngas yield can reach up to 77% while CH4 conversion reaches 99% for Ф=3 and 

a DME amount of 18%. The model predicts that with further decreasing Ф, i.e., below 2, the product gas 

composition consists increasingly of CO2 and H2O, while Ф >3 leads to an increased formation of higher 

hydrocarbons including C2H2 (YC2H2 ≈ 1%), C2H4 (YC2H4 ≈ 9%), and C6H6 (YC6H6 ≈ 3%), and PAHs such as 

naphthalene and pyrene.  
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Fig. 8. Syngas yields, H2/CO ratios, and heat (Q̇) and work (P) outputs as a function of the additive amount 

xad/ (xad+xCH4) and the equivalence ratio for DME/CH4 mixtures (a1,b1) and DMM/CH4 mixtures (a2,b2). The engine 

parameters/conditions are: T0=423 K, d/s =460 mm/ 580 mm, N=600 min-1. Note that according to thermodynamic 

conventions, P and Q̇ carry a negative sign when transferred from the system. 

Furthermore, modeling results show that CH4 conversion decreases to 20% with increasing Ф whereas DME 

is then still completely converted. For a range of equivalence ratios of 2.5-3, a DME amount of 2%-5% is 

reasonable with respect to the combustion phasing and power and heat output as shown in Fig. 8b1; however, 

higher Ф requires higher DME amounts for a respective maximum power and heat output. At the 

aforementioned conditions (Ф: 2.5-3, 2-5% DME), a syngas yield of ~67% could be achieved while CH4 and 

DME are completely converted. These results are competitive with those of previous studies [7, 12], in which 

the influence of DME on an engine-based polygeneration process was experimentally and theoretically 

investigated using a slow-rotating (N=600 min-1) engine with a six times smaller volume-to-surface ratio than 

assumed here. These authors [7] report a minimum DME amount of 9% at Ф=2 to achieve stable operation, 

providing a CH4 conversion of ~90% and a syngas yield of ~45% with the noted differences mainly due to 

the different engine sizes.  
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Considering DMM as an additive, the maximum syngas yield is up to 67% for a Ф of 2.5 and 3% DMM 

addition, as shown in Fig. 8a2, which is slightly lower than the maximum in the DME case. In contrast to 

DME, DMM amounts of >14% lead to misfires which explains the decreasing syngas yields and the positive 

sign in the power output with increasing DMM amount. With increasing Ф, the effect of the specific heat 

capacity is amplified: The more DMM is used, the lower is the Ф at which misfires predominate and not even 

the additive is converted. Taking these effects into account, the most reasonable DMM amount is between 3% 

and 5%. The conversions of CH4 and DMM decrease to 10% and 40%, respectively, for Ф=6, while at Ф >6, 

no conversion is observed. The overall power and heat output is lower compared to DME, because of the 

lower heating value and higher mass fraction of DMM at the same molar additive amount, as observed in 

Fig. 8b2. 

The H2/CO ratio of the obtained syngas for both DME or DMM as additives varies between 1 and 3 and 

depends on the equivalence ratio and fuel conversion. The obtained H2/CO ratios are ~1 in a range of Ф of 

1.5-2.5 and near 2 at an equivalence ratio of approximately 4. The H2/CO ratios that might be obtained with 

both additives are seen to be attractive for the production of chemicals in different applications [93] together 

with heat and work with equivalence ratios of 2.5-3. Interestingly, we could also show that the use of DMM 

requires lower molar amounts of the additive. 

Considering a possible sooting problem, the formation of PAHs such as naphthalene (C10H8), phenanthrene 

(C14H10), and pyrene (C16H10) was tentatively evaluated in the simulations in a Ф range of 2.5-7. Regarding 

the attractive compact size of the model, it should be kept in mind that its capability to predict soot precursor 

and PAH formation is limited. Nevertheless, DME generally shows a broader Ф range for PAH formation in 

slightly higher amounts than DMM. For instance, an addition of 5% DME could result in the formation of 

up to 1% C16H10 and 5% C10H8 in the Φ range of 4-7, while 5% DMM addition is simulated to form slightly 

lower amounts of 0.5% C16H10 and 4% C10H8 only in a very narrow Φ range near ~ 4. Additionally, it can be 

noted that more DME leads to an increased PAH formation while more DMM leads to a decreased PAH 

formation (by up to 1%) at a similar fuel and additive conversion. Up to Φ ~5, nearly no PAHs are predicted 

for DMM addition. This trend might be of particular interest with respect to the production of higher 

hydrocarbons such as acetylene, ethylene, and benzene, typically performed at such high Φ. The above results 

indicate that although the use of DME appears to be more advantageous with respect to syngas production, 

DMM could be more promising for the production of higher hydrocarbons due to its lower sooting propensity 
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at high Ф. 

The general trends for the additive performance were also inspected for the different engine test cases 

mentioned in Section 3.2, ranging from the slow-rotating engine with a high volume-to-surface ratio (oriented 

to ship engine sizes) discussed above to a fast-rotating engine with a small volume-to-surface ratio (oriented 

to car engine sizes). The comparison of relevant outcomes for the different engines is shown in Section S-VI 

in SM2. As expected, heat losses are higher for smaller engines, leading to lower temperatures in the cylinder 

and to lower syngas yields. This is especially noted for the DMM/CH4 mixtures because of the higher heat 

capacity of DMM compared to DME. Higher rotation speeds lead to a decreased time for the reaction and 

faster quenching as expected, leading to decreased syngas yields as well. Although the fast-rotating engines 

generally have a high flow rate, it could not compensate for the decreased syngas yields in terms of mass 

flow. Instead, the kinetically induced disadvantages predominate.  

In addition to the evaluation of the outputs, an exergetic analysis was performed to examine exergy losses 

and the general feasibility of the process. The exergetic efficiency ηex was calculated according to the classical 

thermodynamic relation shown in Eq. (6):  

ηex = 1 – Ėloss / Ėin  (6) 

The inlet exergy Ėin describes the sum of all specific chemical exergies in the present mixture. The specific 

chemical exergies are computed via the chemical equilibrium method, which is described in [78] ranging 

from 9.8 MJ/kg (CO) to 117.1 MJ/kg (H2). 

The exergy losses Ėloss are defined via the irreversible entropy production Ṡirr and are calculated by Eq. (7): 

Ėloss = Tu ∙ Ṡirr = Tu ∙ ṁ ∙ (s1 – s0) – Q̇/Tu  (7) 

Here, Tu is the ambient temperature, m is the mass of the cylinder charge, s1 and s0 are the specific entropies 

at time step zero and the end of the cycle, and Q̇ is the heat transfer to the wall determined via Fourier’s law 

as described above. 

Figure 7a shows the power and heat flow, the in- and outflowing exergies, the outflowing chemical exergy 

of H2, and the exergetic efficiency for an additive amount of 5% and an intake temperature of 423 K derived 

from the slow-rotating engine with a high volume-to-surface ratio. In general, the inflowing chemical exergy 

is higher than the outflowing chemical exergy because the chemical exergy of the products, especially of CO, 
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CO2, H2O, and N-containing species is lower than the chemical exergy of the fuel and the additive. The in- 

and outflowing exergies increase with increasing Φ due to the increasing fuel and additive amount. The 

contradiction that the total outflowing exergy still increases although the outflowing chemical exergy of H2 

has a maximum at Φ ≈ 2.5 is caused by the decreasing CH4 conversion and increasing production of high-

exergy species such as C2H4. The heat and power outputs are significantly lower than the chemical exergies, 

which slightly decrease with increasing Φ, as already stated before. The exergetic efficiency reaches up to 

96% (DME, Φ ≈ 7 and DMM, Φ ≈ 5), showing that the process is overall favorable. Interestingly, the 

exergetic efficiency increases with increasing Φ and reaches up to 100% in the case of DMM even though 

the fuel conversion decreases to nearly 0%. Therefore, it must be noted that the definition of the exergetic 

efficiency shown in Eq. (6) does not include the exergy loss due to the unconverted fuel. A more robust 

definition of the exergetic efficiency is the relation of the exergies from the produced syngas and the power 

and heat outputs to the chemical exergy of the fresh gas (η
ex
mod. = (ĖSyngas + P + ĖQ) / Ėin). According to this 

definition, the maximum efficiency is 89% at Φ ≈ 2.5 but decreases to 27% at Φ ≈ 5.5, as also shown in 

Fig. 9a. The differences in the power, heat, and exergy flows using DME and DMM, respectively, are 

negligible, as seen from Fig. 9a. However, a deviation appears at Φ > 5.5, which is caused by misfires using 

DMM as additive whereas the DME/CH4 mixtures still ignite. 

 

Fig. 9. Power, heat, inlet and outlet exergy flows, H2 and CO outlet exergy flow (left axis, a), exergetic efficiency 

(right axis, a), the ratio RH2 of produced H2 to H2 present in the additive, H2/CO ratio (left axis, b), and the 

conversion of CH4 or additive (right axis, b) as a function of the equivalence ratio at an additive amount of 5% 

DME (solid lines with filled symbols) or DMM (dashed lines with half-filled symbols). The engine 

parameters/conditions are: T0=423 K, d/s=460 mm/580 mm, N=600 min-1. Note that according to thermodynamic 

conventions, P and Q̇ carry a negative sign when transferred from the system. 

In Fig. 9b, the produced H2 related to the H2 present in the additive (RH2) is given to assess the effectiveness 
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of additive addition for H2 production under similar conditions, i.e., T0=423 K and 5% additive. This ratio 

should be much larger than 1 to preclude that only the additive is contributing to the syngas production. 

Results show that a desirable RH2 of >1.0 can be obtained in large Φ ranges of 1.3-5.5 and 1.3-9.5, respectively, 

for DMM/CH4 and DME/CH4 mixtures. The model shows the maximum RH2 to be up to 7.9 and 6 for DME 

and DMM, respectively, which is observed at Φ ≈ 2.5 due to the maximum syngas yield (see Fig. 9a). At 

higher Φ, RH2 is seen to decrease further because less CH4 is converted and the product gas composition is 

slightly shifted towards higher hydrocarbons. Compared to the DME/CH4 mixtures, the RH2 is overall lower 

for the DMM/CH4 mixtures since nearly the same amount of H2 is produced, but more H2 is introduced by 

the additive. According to the model, the remaining H2 in the DMM case is majorly present in H2O. The 

H2/CO ratio lies between 1.0 and 2.0 in a Φ range of up to 4.5, as shown in Fig. 9b. As mentioned before, at 

higher Φ, the H2/CO ratio decreases in both cases of DME/CH4 and DMM/CH4 and more pronouncedly for 

the latter.  

Overall, the tentative exploration of the methane-fueled polygeneration process with the PolyMech2.1 model 

shows that both DME and DMM offer promising potential as additives. Although the outputs of interest such 

as syngas, power, and heat, are slightly reduced if DMM is used as additive, possible soot formation is slightly 

inhibited. Thus, the operation range can be extended to equivalence ratios of Φ > 3 to produce higher 

hydrocarbons such as C2H4. Regarding the different engines, slow-rotating engines with a high volume-to-

surface ratio are preferable since the production of useful chemicals is enhanced due to the longer reaction 

time and the higher temperatures caused by lower heat losses. Specifically, when the formation of syngas is 

desired as part of a polygeneration process, an equivalence ratio of 2.5 is shown to be most appropriate under 

the present assumption, especially for DME as the additive. In contrast, the production of higher 

hydrocarbons such as C2H2, C2H4, and C6H6 could be favorable at equivalence ratios of 5-7, especially for 

DMM as the additive. With regard to realistic engine conditions, i.e., knock-free combustion and feasible 

intake conditions, an intake temperature of 423 K and additive amounts between 2%-5% for DME and 3%-

8% for DMM appear to be the most promising conditions for the slow-rotating engine with a high volume-

to-surface ratio. In general, the modeling results demonstrate that addition of DME or DMM is very effective 

in lowering intake temperatures and ensuring ignition even at high equivalence ratios. For future 

investigations, an optimization could be helpful to find the most interesting conditions using different outputs 

of interest such as maximum H2 or C2H4 production as the objective function. As already indicated in the 
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flame results in Section 4.1.2, DME and DMM are both promising fuel additives for the production of C2 

hydrocarbons and formaldehyde, and especially DMM significantly favors the formation of methanol and 

methyl formate.  

It should be noted that the engine simulation results could in principle be affected by uncertainties in 

thermodynamic data; such effects were found to be negligible, however, when typical uncertainties were 

taken into account [94, 95]. Only at limited conditions where the ignition timing is very sensitive, would a 

change of thermodynamic data within the uncertainty range lead to misfires or too early ignition. For all other 

and thus most conditions, the influence of such uncertainties on the ignition timing and on the mole fractions 

of product species is negligible so that the conclusions drawn here are not affected. It should also be pointed 

out that, unlike other experiments, a flame has the uniqueness of a wide temperature range, also found in 

engines, and is therefore well suited for the investigation of thermo-chemical effects and the validation of 

thermodynamic and transport data that are important for engine simulations. Detailed discussions on this 

issue can be found in Section S-VII of SM2. 

 

5. Summary and conclusions 

The present study has focused on three main aspects with the aim to explore combinations of DME and DMM 

with methane in a polygeneration process environment. First, speciation data were obtained in a systematic 

flame experiment using detailed mass spectrometric investigation of six fuel-rich DME(/CH4) and 

DMM(/CH4) premixed flames. This approach enabled the quantitative measurement of a large number of 

species, including some value-added chemicals. Second, a comprehensive but compact model (PolyMech2.1) 

tailored for a polygeneration process involving the DME/DMM/CH4 fuel system has been developed with 

the help of these experimental data. This model was then examined against experimental results from the 

literature, predominantly at high pressure and equivalence ratio >2, covering a considerable range of 

polygeneration-relevant conditions. Third, parameter studies using this compact model were then performed 

for generic HCCI engine environments to numerically evaluate the potential and feasibility of a 

polygeneration process using fuel combinations in the DME/DMM/CH4 system to flexibly provide valuable 

products (e.g., syngas), work, and heat. 

The flame results showed that CH4 addition to DME or DMM does not lead to the formation of new species, 
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and only slightly influences the main consumption pathways of the fuels. Relatively clean syngas can be 

formed as stable product in the burnt gas for the flames at richer conditions (Ф=1.7) with high yields of, e.g., 

up to ~78% CO and ~35% H2 in the 62%DME/38%CH4 flame. Among the large number of C1-C4 

hydrocarbon and oxygenated intermediates detected, acetylene, ethylene, ethane, and formaldehyde are 

dominant ones with peak yields of 2.1%-8.7%. Interestingly, methanol and methyl formate also showed 

comparably high yields of up to 0.6%-6.7%, but only in the flames with DMM. 

The developed model is shown to satisfactorily reproduce both the obtained flame data in this study and a 

large literature dataset at engine-like or polygeneration-relevant conditions (Ф ≥ 2 and elevated pressure). 

Importantly, as a compact model, PolyMech2.1 showed the advantage of significantly decreased simulation 

times in an HCCI engine environment compared to typical previous models, e.g., by a factor of 20 compared 

to the Jacobs model (Jacobs et al., Combust & Flame 205 (2019) 522-533) using a single-zone model. 

The model-assisted parameter study of the generic engine types showed, for both DME and DMM, promising 

potential as additives for a methane-fueled polygeneration process. For example, the simulation results 

showed that with 18% DME addition to CH4, the syngas yield can reach up to 77% at Ф=3 while maintaining 

a high CH4 conversion of 99%. DMM addition to CH4 exhibited slightly lower syngas yield in comparison 

to DME in both the flame and engine simulations, whereas it showed decreased sooting propensity in 

comparison to DME, even at a Ф of >3. According to these results, the operation range might be extended to 

richer condition by using DMM as fuel additive if the production of valuable chemicals such as C2 

hydrocarbons is targeted. Furthermore, the simulation predicted low-rotating engines with a high volume-to-

surface ratio to be preferable since the production of useful chemicals is enhanced due to the longer reaction 

time and the higher temperatures caused by lower heat losses. The corresponding exergetic analysis of a 

polygeneration process in such an engine environment using the DME/DMM/CH4 fuel system suggested an 

exergetic efficiency of up to 96%, underlining the potential promise of this process. 
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