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1.Introduction
Implementing a life-cycle carbon neutrality in the third-millennium energy production, without sacrificing economic prosperity, requires the adoption of a multifaceted strategy, ultimately leading to the independence from fossil fuels [1]. Unsurprisingly, the transportation sector is among most involved ones in such a shift, as it is responsible of more than a quarter of the greenhouse gases in Europe [2]. On the other hand, when switching from fossil fuels to renewables (e.g. wind, sun), several scientific and technological challenges must be overcome, specifically due to their intermittent availability. For this reason, the chemical storage of the excess energy produced by renewable sources has recently gained interest, and synthetic electrofuels, or e-fuels, for energy accumulation and an “on-demand” release, have become a hot topic in the scientific community.
For these reasons, oxymethylene ethers (OMEn), with a structure CH3O(CH2O)nCH3, have acquired increasing importance due to their physical and chemical properties, making them good candidates to replace diesel fuels in the related engines [3], with the added value of decreased soot emissions, due to their oxygenated nature [4]. Thus, several studies have investigated the chemical kinetics of OMEs, and experimental, theoretical, and kinetic modeling activities have been performed in the latest years, especially involving dimethyl ether (DME, or OME0) [5]  and dimethoxymethane (DMM, or OME1) [6]. Recently, the experimental activity also involved longer-chain OMEs [7,8], with kinetic mechanisms of single OMEs or their mixtures [7,9] being developed in parallel.
From a modeling perspective, the main disadvantage in describing the oxidation chemistry of the heavier OMEs is related to the growing complexity of the related detailed kinetic models, since the number of radicals and intermediate species increases more than linearly with the OME length. As a result, they cannot be used as such for the the Computational Fluid Dynamic (CFD) simulations of real-scale devices, and their applicability in this context is subject to a preliminary simplification.
A significant reduction in size can be obtained by leveraging the hierarchical structure of OMEs, which are then well suited for a lumped formulation of their kinetic model. The potential of lumping procedures in the development of reduced but accurate kinetic models has already been shown in the previous literature [10–12], especially for such fuels exhibiting a low-temperature chemistry behavior. Moreover, the accuracy of the model can be further enhanced by performing a downstream optimization procedure, which is computationally eased by the reduced size of the starting model. 
In this work, both of these classes of methods are combined to develop a kinetic model of OME0-4 pyrolysis and oxidation. Starting from a detailed kinetic mechanism available in literature, a recently-developed lumping procedure is implemented to obtain a more compact model. On a successive step, the accuracy of the mechanism with respect to the experimental data is further improved via a data-driven optimization, after collecting a vast database of experimental data in ideal reactors (jet stirred, flow reactors, shock tubes, laminar flame speeds). Finally, the performance of the optimized mechanism is verified in a wide range of operating conditions, and compared to the detailed and the intermediate lumped one. 

2. Methods
The lumping procedure was performed on a detailed kinetic mechanism, built up following a hierarchical methodology, leveraging the state-of-the-art submodels for the single fuels: the core C0-C2 model was taken from the work of Keromnes et al. [13] and Metcalfe et al. [14], while the C3 mechanism was adopted after Burke et al. [15]. The implementation of the ethers chemistry followed a hierarchical procedure, too: DME, or OME0, was taken from the work of Burke et al. [5], while DMM, or OME1, was implemented by using the recent model by Jacobs et al. [6]. On top of them, the model by Cai et al, describing OME2-4 chemistry using a reaction-classes approach, was added. For all of the species, thermodynamic properties were updated from the database of Burcat and Ruscic [16]. Overall, the detailed mechanism accounted for 282 species and 2657 reactions.
On the other hand, the chemical lumping procedure was performed by adapting a recently-developed methodology, initially devised for master equation solution techniques [17]. After dividing the mechanism in separate submechanisms, according to the global stoichiometry, and identifying the species to be grouped using a structural-isomerism criterion, the composition of the new, fictitious pseudospecies was evaluated by performing 0-dimensional simulations, and evaluating in this way the branching fractions of each of the composing isomers. With this approach, it was possible to reduce the size of the mechanism up to 176 species and 2486 reactions.
Finally, the lumped mechanism was optimized by applying a recently-developed data-driven methodology [18], implemented in the OptiSMOKE++ software [19]. After identifying the critical reactions via sensitivity analysis in the whole range of operating conditions, their modified-Arrhenius parameters were optimized by using an evolutionary algorithm, after an objective function was built up using the Curve-Matching methodology [20,21], and using the experimental data as reference. The use of the Curve-Matching algorithm allowed for a more complete comparison between experimental data and modeling predictions.
3. Results and discussion
The described lumping procedure was applied on each of the identified blocks constituting OME1-4 fuel oxidation chemistry. The reactivity of the related block was also lumped, by weighting the isomers according to the respective branching fractions, as found in 0D simulations. As a result, the procedure allowed to significantly reduce the size of the mechanism. Figure 1 compares the number of species constituting the lumped and reduced mechanism, respectively. Compared to the detailed model, the increase in the number of species is linear with the ether length, which results in significant computational advantages.
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Figure 1. Comparison between the number of species of detailed and lumped mechanism
The optimization process involved the modified-Arrhenius parameters of 57 reactions, among the different OMEs. The optimized mechanism was validated against the detailed and lumped ones. Figure 2 shows the predictions in terms of ignition delay time for OME2-4, evaluated at variable pressures and equivalence ratios. 
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Figure 2. Comparison about the ignition delay time predictions of OME2 (left), OME3 (center) and OME4 (right). Experiments [7] vs modeling predictions.
The lumping procedure resulted in a general acceleration of the predictions at all the conditions. When performing optimization, significant improvements were obtained on a global perspective, with the best results obtained for OME3-4, while a slight worsening was obtained for OME2. Indeed, it must be considered that, due to the kinetic coupling between the OMEs oxidation mechanisms, they must be optimized as a whole, i.e. with a single objective function, such to find the best trade-off between all the experimental targets. The very good performance of the kinetic mechanism is shown in Figure 2, too, in terms of laminar flame speed predictions. In this case, slight underpredictions can be observed for OME4, while predictions for OME2-3 are in much better agreement. However, it must be pointed out that the optimization margins for laminar flame speeds are much smaller than for the remaining experimental targets since, as already reported in literature [22], flame propagation is dominated by small-species chemistry (C0-C2).
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Figure 3. Comparison about the Laminar Flame Speed predictions of OME2 (left), OME3 (center) and OME4 (right). Experiments [23–25] vs modeling predictions.
4. Conclusions
Chemistry of energy carriers has been gaining an increasing importance in the latest years, due to their potential key role in the energy transition scenario. In this work, a comprehensive kinetic modeling of oxymethylene ethers (OME1-4) was hierarchically carried out by combining two novel methodologies, with the ultimate target of obtaining a compact, yet accurate and predictive mechanism. Drawing from master equation solution approaches [17], a lumping methodology was applied to simplify an OME1-4 detailed kinetic mechanism, on turn developed by including the state-of-the-art submechanisms involving the core C0-C3, dimethyl ether, dimethoxymethane and longer-chain OMEs up to OME4. As a second step, the obtained mechanism was optimized by leveraging a recently-developed data-driven technique, based on an evolutionary algorithm, and a single, Curve-Matching based, objective function in order to obtain the best trade-off among all the experimental datasets. The validation of the 176-species kinetic mechanism showed a satisfactory agreement throughout the whole experimental range, in terms of devices (shock tube, jet-stirred reactors, flow reactors, laminar flames) and operating conditions (low-to-high temperature, pressure and equivalence ratio). Such a mechanism can be rightfully considered as a first milestone for a wide-range implementation of OME chemistry into the full-scale CFD simulation of combustion devices. To make it feasible, such a coupling could need further extension for an additional simplification of the output mechanism, e.g. by a downstream implementation of additional mechanism reduction techniques [11]. Also, the successful application of the lumping-optimization coupling on OME chemistry paves the way to an extensive use of such a procedure for a compact, efficient hierarchical modeling of other fuel classes [22].
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