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Abstract.
In this work, we use a mathematical optimization approach for the evaluation of the production of oxymethylene ethers (OME’s) from methanol. OME1, methylal, and the mixture of OME3-5 are the targeted products. The process consists of formaldehyde production, OME’s synthesis from formaldehyde and methanol and separation. The processes are modelled based on chemical equilibrium for the reactors and surrogate models for the rest of the units to determine the optimal operating conditions towards the two products. The negative effect of water in the OME’s synthesis presents the alternative of partially removing water from the formaldehyde. However, no yield improvement is found. The production of OME1 results in 0.93 €/kg and an investment of 46 M€ while the production of OME3-5 mixture shows a production cost of 0.61€/kg and  an investment of 51 M€ for a production capacity of 247kt/yr and 264kt/yr, respectively, from the same methanol feedstock. The effect of the methanol source in the cost from different renewable resources is also evaluated with biomass showing the most attractive OME’s prices and competitive for biomass price below 100€/ton.

Keywords: Methanol, Process optimization, renewable energy, biomass, OME





Introduction
	Transition to a more sustainable transportation sector requires of a number of initiatives to  facilitate access to fuels/power and operation for the costumers. Two different approaches have been used. One is the substitution of current fossil based fuels, gasoline, kerosene and diesel, with renewable based counterparts. The other is the replacement of the fleet of combustion engine vehicles by electric ones. Electric cars face two major challenges: the increase in the production capacity of renewable power,1 and the limited capacity of the  batteries and their production.2 The path regarding the substitution of fuels has followed different steps. In the first place the idea was focused on the production of  chemicals that could substitute gasoline, such as ethanol, first3 and second generation,4 as well as diesel, in the form of biodiesel from non-edible oils, cooking oil or algae.5,6 Aside from dedicated plants producing one fuel, FT production from biomass7 as well as biooil8 has allowed the production of mixtures of fuels that could match current fossil based ones. Apart from these alternative fuels, advanced fuels have been studied such as biobutanol, or DEM. In the case of biobutanol, either following the traditional ABE synthesis,9,10 or via acetone butanol11,12 where the yield to butanol was enhanced since no ethanol was produced. DME has been considered a substitute of diesel obtained from methanol dehydration or direct synthesis, and in both cases biomass13 or CO2 hydrogenation14 have been studied. Lately OME’s have entered the scene and large cars manufacturers have considered their production.15 OME’s are a family of chemicals with different carbon numbers that can be used as substitutes of diesel avoiding particulate emissions. The possibility of producing methanol from CO2 and power,16-18 has supported the development of these fuels towards zero CO2 emissions and have included OME’s into the power to chemical initiative. However, biomass can also be a source of methanol.19 
In the literature, different efforts have dealt with the production of OME’s. The thermodynamic properties of the species have been reported lately.20 Thermodynamic21 and kinetic studies22-24 on the equilibria have been developed over the last years validating the technical feasibility of the production of polyoxymethylene dimethyl ethers from different intermediates including methanol, trioxane21 or methanol and formaldehyde. This last one is of particular interest because of the possibility of producing all the raw materials from renewable resources.21,25 Formaldehyde can be produced from methanol via well-established processes.26,27 OME’s are a family of products of different chain lengths. Zheng et al.28 evaluated the optimization of the molecular size distribution but not from a process perspective.
OMEs have been considered as C1 diesel as well as they can be used as solvents.29 Apart from the thermodynamic analysis of the production, the process itself has recently been presented following a simulation based approach. In particular, the analysis of the process using simulation has been reported recently. Two different paths are highlighted in the literature. The need of methanol as raw material results in several alternatives for methanol production. First, its production from biomass all the way from biomass using a simulation based approach.30 However, no economic analysis is provided. Alternatively, the possibility of producing methanol from CO2 and power has included the production of OME’s within the power to chemicals initiative. Different works have been presented to produce different OME’s short and longer chain ones.31 OME1, methylal, has been produced directly from aqueous, methanolic formaldehyde solutions using a reactive distillation column where only the synthesis is analysed.32 Another study at the process level has focused on the use of the intermediate trioxane and methanol as raw materials to obtain methylal.33  
Similarly, the production of longer chain chemicals such as the mixture OME3-5 has also been studied using trioxane as intermediate.34 However, the production of trioxane as intermediate product results in a larger process.21  A partial process from methanol and formalin has also been developed including the kinetics.35,36 In a subsequent effort, the same group has evaluated the use of membranes for the removal of water for an increased efficiency.37 The control strategy for the production of higher OME’s has also been addressed.38 Aside from process based studies, more general reviews have been presented on the use of power as resource to produce chemicals, developing sensitivity analysis that evaluate the maturity of the renewable power production.39,40 Furthermore, considering the section of methanol production and the efficiency from power to the product.17 Martín41 presented an interesting comparison of the production of DME from solar and biomass, describing the advantages of biomass based processes in terms of production costs. The issues related to the water consumption and land usage can be directly applied to OME’s. In addition, no direct process comparison has been reported on the effect of the raw material and resource towards methanol production for the production of OME’s. Furthermore, the  production of formaldehyde has typically not been considered, except from biomass, nor the effect of the water concentration in the equilibrium of the production of the OME’s or the analysis of the process as a multiproduct bio/ renewable based refinery. 
[bookmark: _Hlk34168695]	In this work, we present the optimization of the section of OMEs production from renewable methanol from various resources such as biomass, solar and wind or waste, as a refinery that allows optimizing the product distribution of the different products without the production of trioxane. The cost of methanol production from different routes has been used to compare the economics of the OME’s production from different renewable routes. In addition, the effect of the scale on the production of OME’s has also been evaluated, due to the issues related to distributed production of renewable based methanol. The rest of the manuscript is organized as follows. Section 2 describes sections of the process and the focus of this work. Section 3 presents the main models  developed for each of the units. Section 4 shows the main process results and suggest feasible allocations for a facility that uses renewable resources for the enhanced production of methanol.

Process description.
Methanol production from Biomass
Methanol can be produced from biomass following a thermo-chemical path. It consists of the production of syngas from biomass gasification. In the literature, several studies have been reported to compare and evaluate the various technologies available for gasification, direct or indirect, as well as for raw syngas reforming, autothermal reforming, partial oxidation or steam reforming, and syngas purification including the removal of NH3 and solids. Finally, the last stage leads to the production of a syngas with the proper CO/H2 ratio.4,42 Methanol synthesis from syngas is a well know stage at the industrial level but has only been analysed recently in the context of biomass based methanol synthesis.19 
Methanol production from electrolysis.
	Another alternative to produce methanol from renewable resources consists of the hydrogenation of CO2. The process requires the production of hydrogen from renewable resources. Among them, biomass could be an alternative too.4 However, this technology results in the release of large amounts of CO2 using the plants to fix hydrogen and to split water. Alternatively, electrolysis is the process of choice.43 Water splitting is a highly energy intensive process that requires renewable resources to attain renewable hydrogen production. Solar and wind energy can be used to produce the power required for the electrolysis, as well as for the multiple compression stages of the oxygen, to be stored, the hydrogen and finally the feed of CO2 and hydrogen to the reactor. The hydrogen needs to be dehydrated in two stages: first, via condensation, and, after the dexo reactor to remove oxygen traces, using a zeolite bed. Once pure, the hydrogen is mixed with CO2, compressed, and fed to the synthesis reactor.16 
OME’S production 
		Formaldehyde production
The production of formaldehyde (FA) is governed by chemical equilibrium in gas phase

							
In order to achieve almost complete conversion, an excess of oxygen is fed, typically a ratio 3:1 with methanol. The oxygen is fed as air. Therefore, nitrogen dilutes the product mixture. The reaction takes place at atmospheric pressure and at a temperature in the range of 270-330ºC.44 The recovery of the formaldehyde produced is carried out in a scrubber.45 The liquid phase to the column is fresh water and a fraction of the liquid product from the absorption column.
	Two process alternatives can be considered due to the negative effect of water in the oxyethylene ethers production. First, it is possible to partially remove water using pervaporation before using the stream of formaldehyde in the OME’s synthesis is evaluated.31,46 The second alternative is to directly feed the water-formaldehyde mixture to the OME’s synthetic section.

		OME’s production
OME’s are a family of ethers that can be used as fuels. Two different major products are being evaluated in the literature, methylal (MAL) or OME1 and the mixture OME3-5. In this work we consider the production of both from methanol.
	OME1: The production of methylal, OME1, is governed by a series of chemical equilibria involving hemiformals (HF) and poly(oxymethylene glycols (MG) of short chain length as follows


	The reaction takes place at 50-150 ºC and 2-10 bar.21The feed ratio between FA and methanol, typically from 2:1 to 6:1, is to be optimized.21  The HF’s and MG’s are unstable, and the mixture to be separated consists of FA, water, methanol and OME1. A system of distillation columns is considered.30,32 The first column recovers at the top as distillate the OME1 and the unreacted FA. As a side extraction methanol is recovered, and water from the bottoms of the column.  Methanol is recycled back to the synthesis reactor. The distillate is fed to a second column that operates at a moderate pressure to recover FA and a small amount of OME1 over the top and product OME1 from the bottom. The presence of OME1 in the distillate allows reducing the operating pressure. The distillate is also recycled to the synthesis reactor. Figure 1 shows the flowsheet.
[image: ]
Figure 1.- Scheme for the process of OME1 production from methanol

OME3-5. The production of the mixture that can be used as diesel substitutes is generated by a series of equilibria where the HF’s, MG’s and OME’s are allowed to grow. The reaction also takes place between 50-150ºC and 2-10 bar21 using a FA to methanol ratio from 2:1 to 6:1.21  The production of longer OME’s results in the generation of longer chain of OME’s. A reactive evaporator is used to decompose longer chain OME’s (OME6-OME7). Again HF’s and MG’s are decomposed into Methanol, water and FA. A system of two distillation columns are used to recover the fuel mixture of OME3-5. The first column recovers the lighter products, FA, methanol, Water, OME1-OME2 as distillate and the rest as bottom product. Various studies have evaluated the removal of water from this mixture such as an absorption step,36 and more recently a pervaporation unit.33 Once water is removed, the rest is recycled to the synthesis reactor. The second column purifies the fuel mixture by removing the traces of OME6 and OME7 that are left after the reactive evaporation. See Figure 2 for the flowsheet.


[image: ]
Figure 2.- Flowsheet for the production of OME3-5 mixture



 Modelling considerations
In this section the modeling approach to the main units is described. The methanol synthesis stage is not considered. In general, units are modelled using first principles, mass and energy balances, thermodynamics and chemical equilibria, experimental data and rules of thumb.48 
Formaldehyde section
Synthesis reactor: The reactor for the production of FA is modelled assuming chemical equilibrium44 where the atoms balance for carbon, hydrogen and oxygen must hold. Nitrogen exit the reactor unaffected diluting the gas mixture . 

									(1)
where 

	(2)
The ratio between the molar flow of oxygen and methanol should be typically 3 to 1.
FA recovery: The product gas is cooled down to 25 ºC using a heat exchanger modeled using mass and energy balances,48 where the heat capacities for all species are a function of the temperature. The mixture does not condense due to the large flow of nitrogen. Next, the absorption column is modelled as a mass balance where the amount of water needed is that capable of solubilizing the FA, 0.4 kg/kg. The liquid phase exiting the column can be partially recycled back to the column and mixed with fresh water. All units operate isothermally at 25ºC. The gas phase contains mainly nitrogen, and traces of oxygen.
The absorption of formaldehyde in water is exothermic, -62kJ/mol.49 To maintain low temperature, the unit is refrigerated. The column is built as a multibed contact unit where the heat generated is cooled down after each stage.
Water removal: In case this unit is considered, the feed is heated up until evaporation of the mixture computed using Antoine correlations for the mixture of FA, water and methanol and at moderate pressure so that the FA and methanol can be easily condensed to be fed to the OME synthesis section in the range of 2-10 bar.


OME’s production.
OME Synthesis reactor: It is modelled as an equilibrium reaction given by the molar fractions of the various species involved.

										(3)
where the constants are taken from the literature.21 Table 1 shows the coefficients for the equilibrium constants given in the form of

									(4)
Table 1.- Equilibrium constant parameters for OME’s production.21
	Reaction
	A
	B

	1
	-2.3250
	2579.0

	2(n=2)
	-2.3105
	3139.9

	2 (n >=3)
	-2.4334
	3039.4

	3
	-1.9020
	3512.0

	4
	-2-2496
	3008.8

	5
	0.8147
	340.25

	6
	-2.4154
	3029.6

	7
	-2.4154
	3029.6



The products of the reactor are computed from the equilibria presented in the reaction mechanism and the mass balance written in terms of atom balances for carbon, hydrogen and oxygen. The energy balance is computed from the enthalpies of formation of the species involved

								(5)
Reactive evaporator: The decomposition of the longer chain OME’s is carried out at over 200ºC. The liquid mixture is heated up, modelled as a simple heat balance. The products of the evaporator are computed assuming a 90% decomposition of OME6 and 95% decomposition of OME 7. The atomic mass balance must hold and methanol, formaldehyde , water and CO2 are produced. The CO2 is released and the liquid mixture is sent to the system of distillation columns.33 
Distillation Columns: The feed to each one of the columns is assumed to be saturated liquid. Therefore, the stream is adjusted in temperature and pressure accordingly using pumps and heat exchangers. The aim is that the operating pressure allows liquid feed and a minimum temperature at the condenser of 35ºC, so that water can be used as cooling agent.  The vapor pressure of the species involved is taken from different sources from the literature, and fit to Antoine equation in (6). In the appendix the values for coefficients A,B and C are given.

							(6)
	The distillation columns are modelled using short cut methods47 based on experimental data and rigorous simulations from the literature to determine the reflux ratios and the yields, see Table 2. There are two particular issues. In the case of the process involving OME1, there is an extraction from the column, therefore the stream must be accounted for in terms of the energy provided to the column, and for the case of the OME3-5 where the first column uses a partial condenser, so that the distillate as a vapor is sent to a membrane, the rest of the columns use total condensers and partial reboilers. 

				(7)

Table 2.-  Parameters for distillation column modelling
	
	OME1
	OME3-5

	
	Column 1
	Column 2
	Column 1
	Column 2

	Rmin
	2a
	2a
	0.05b
	0.2b

	h
	0%Water
Up to 5% Methanol
100% FA and OME1
	Liquid distillate FA-OME1

	100% FA/ MetOH/ Water/ OME1-2
	100% OME3-5


a) Weidert et al 32; b) Burger et al 35
Membrane: Based on recent work,33,46 100% removal of water can be assumed. The feed is saturated vapor and the stream to be recycled, consisting of FA, methanol and OME1-2 is condensed. The operating pressure is assumed between 1-10 bar, according to the reactor operating pressure to be computed so that the recycle can be easily condensed.
	Optimization procedure.
[bookmark: _Hlk34166523][bookmark: _Hlk34166739]	The production of OME1 and the mixture of OME3-5 are modelled as described along the previous sections to formulate a set of non-linear programming problems.  Table 3 shows the size of the four different process models, for each main product and considering the stage of partial removal of water before synthesis or not. The comparison between the base case and the evaporation is based on the yield, optimizing the product generated per kg of feed. The objective function is given by. Eq. (8). The problems are solved using a multi-start approach with CONOPT as the preferred solver. Note that the global optimum solution cannot be guaranteed.

							(8)
[bookmark: _Hlk34170356]S.t.
Mass and energy balances, phase and chemical equilibrium and thermodynamic models of each of the units as described in section 2.3
Table 3.- Model sizes of the NLP for different case studies.
	
	Base case
	Pervaporation

	OME1
	Eqs.: 492
Var: 639
	Eqs.: 507
Var: 651

	OME3-5
	Eqs: 1041
Var: 1461
	Eqs:1056
Var: 1473




Results and discussion
	Process parameters.
Table 4 shows the main operating conditions for the production of OME1. No yield improvement is found in the process that partially removes water from the secondary raw material, formaldehyde, in both cases slightly lower yield is achieved. Therefore, the alternative is no further pursued. Similar result is found for the production of OME3-5 mixture. By comparing the production of OME1 and longer chain OME’s, see Tables 4 and 5, there is a change in the need for formaldehyde. The production of OME3-5 requires that twice the amount of methanol is sent to formaldehyde production compared to the production of OME1. Furthermore, in the synthesis reactor operating conditions are selected so that the desired product is obtained. As expected, lower temperatures are required for the production of chemicals with a longer carbon chain. This result is typical of Fischer -Tropsch synthesis as well7,50 
Table 4.- OME1 main operating parameters
	OME1
	

	Formaldehyde
	270 ºC 1 bar

	OME1 synthesis
	73 ºC 10 bar

	Separation
	Col 1 (Feed, Top, Bot)
74/52/ 136/180
P: 10 bar
Col2: (Feed, Top, Bot)
52/ 49/129
P 10 bar

	To Formaldehyde
	33%

	FA/MEOH (mol/mol)
	2

	 (kg OME /kg MEOH)
	7.93/10



Table 5.- OME 3-5 Main operating parameters
	OME3-5
	

	[bookmark: _Hlk9802511]Formaldehyde
	270 ºC 1 bar

	OME synthesis
	50 ºC 7.889 bar

	Separation
	Col 1 (Feed, Top, Bot)
30.6/30/217
P: 2.57 bar
Col2: (Feed, Top, Bot)
217; 174; 273
P: 1 bar

	Mambrane
	P. 3.3  bar

	To Formaldehyde
	66%

	FA/MeOH (mol/mol)
	2.28

	(kg OME /kg MEOH)
	8.47/10



	Cost estimation
	The estimation of the OME’s production cost and investment is performed. The investment cost is computed using the factorial method51 . The method consists of estimating the equipment cost using the mass and energy balances of the facility to size the units. The detailed unit sizing and cost estimation procedure can be found in the supplementary material of Martín and Grossmann4  updated by Almena and Martín.52 The facility investment cost is computed using factors to estimate the piping, the insolation, and other costs. In summary factors of 3.15 and 1.4 are used to estimate the physical and total fixed costs, respectively, corresponding to a facility that processes fluids and solids.
The production costs involve maintenance, labor, chemicals, raw material (the methanol), utilities (steam, electricity and cooling water) and other expenses including taxes, fees and administration.51 A methanol cost of 0.36€/kg is assumed based on market prices53 The steam costs are taken from Uresti et al 54 and cooling water is assumed at 0.00057€/kg.55 
An interesting feature is the fact that the production cost of OME1 is almost 50% larger than that of OME3-5, 0.93€/kg vs 0.61€/kg. Figure 3 shows the breakdown of the production cost. Utilities play an important role in the case of the production of OME1 due to the large reflux ratio required by both columns. On the contrary, the investment cost of the facility that produces OME1 is 10% cheaper than that of OME3-5, 46M€ vs 51 M€, due to the separation costs of the distribution of products involved in the production of OME3-5 mixture.
[image: ]
Figure 3.- Production cost distribution a: OME1 ; b:OME 3-5


Comparison for different methanol sources
Methanol can be produced from a wide range of green alternatives: from switchgrass via gasification, including with the possibility of combining it with the hydrogenation of carbon dioxide,19 using captured CO2 and hydrogen from electrolysis16 or from biogas via reforming,56 see Table 6. 
An economic evaluation for each process was carried out in the different works resulting the following price ranges: 0.34-0.36 €/kg for the switchgrass to methanol process, 0.21-0.45 €/kg for the hydrogenation of CO2 with electrolyzed hydrogen and 0.46 €/kg for the biogas to methanol process. Values from 0.65 €/kg to 1€/kg can be obtained for OME1 depending on the source of methanol. It can be seen that biomass is the most competitive one. In the case of OME3-5, the production cost is lower due to the reduced utilities resulting in prices from 0.32 to 0.77 €/kg. Hydrogenation of CO2 can be promising only at places with high wind velocity and solar incidence, but the cost remains with 50% increase in other scenarios; not that favourable, see previous work16 for further discussion on methanol cost at different allocations. Figure 4 shows the range for different biomass costs (30,50,60,75,100 and 120 €/t), biogas production and solar and wind operation in Spain and UK according to the previous paper where the possibility of selling the excess of power to the grid (0.21€/kg-0.26€/kg, respectively) or not (0.3€/kg-0.45€/kg, respectively) was considered. Biomass is the most competitive source as long as its costs is below 100€/t while wind and solar can still be competitive, as well as an integrated facility that captures and hydrogenates the CO2 from methanol production for places with high solar incidence (5 kWh/m2d) and wind velocity (above 7m/s)
Table 6.- Effect of methanol source on OME’s costs
	OME Production Cost (€/t)
	Methanol Production

	
	Lignocellulosic
(60€/t biomass)
	Gasification with CO2 hydrogenation
	CO2 hydrogenation
	Biogas reforming

	Methanol cost (€/kg)
	0.17
	0.34
	0.21-0.45
	0.46

	OME1 (€/kg)
	0.69
	0.91
	0.74-1.05
	1.06

	OME3-5 (€/kg)
	0.39
	0.59
	0.436-0.71
	0.731





Figure 4.- Effect of methanol source on OME’s production costs.

The production cost of any chemical is also subjected to economies of scale. In this work, we only focus on the synthesis stage, leaving out of the evaluation the economies of scale related to the different methods for methanol production. Figure 5 shows a scale up sensitivity study on the production of both OME1  and OME3-5. The production capacities are associated to typical facilities sizes. Smaller ones are wind / solar based facilities based on the size in previous work,16 the intermediate size corresponds to typical biomass processing facilities from 10-25kg/s of switchgrass and larger facilities integrated both as in Martín and Grossmann.19 For different methanol prices, achieving a production cost below 1€/kg always requires medium size facilities processing 6kg/s of biomass in the case of OME1. The lower production costs in the case of the OME3-5 process results in the need for smaller facilities to achieve the target of 1€/kg, that can use solar and wind energy to hydrogenate CO2. The investment cost of the facility is almost linear with the production capacity of methanol for OME1, see eq. (9), while for OME 3-5, eq. (10) is obtained

[image: ]
Figure 5.- Effect of scale up and methanol price on OME’s production cost
Investment (M€) OME1 = 3.495(MeOH(kg/s))  + 14.477				(9)
Investment (M€) OME3-5 = 14.165 ln(MeOH(kg/s)) + 22.301			(10)
Conclusions
	In this work, we have evaluated the production of oxymethylene ethers from methanol considering different methanol sources. A direct synthesis from aqueous solution of formaldehyde and methanol is considered where first formaldehyde is produced and next either methylal, OME1, or longer chain OME’s (OME3-5) are obtained. The process is modelled using first principles, mass and energy balances, and chemical and phase equilibrium to model each unit, and optimized to evaluate the optimal operating conditions leading to each of the OME products using a mathematical optimization approach. 
	The production of OME1 requires half formaldehyde production and results in 10% larger yield towards products compared to the production of OME3-5. While the investment costs for OME1 production are 10% lower than those needed for OME3-5 production (45M€vs 49M€) due to the easier product separation, the production costs are 30% larger (0.93 vs 0.78 €/kg) due to the utility costs. Finally, the effect of the cost of methanol on the OME’s is evaluated. Lignocellulosic based methanol is the most competitive as long as biomass prices are below 100€/t. Wind and solar based methanol price is highly volatile depending on the availability, the possibility of selling the excess of power and the area limitations. Waste based methanol via dry reforming is the most expensive.

Nomenclature
A, B C : Antoine coefficients 
Ci: Cost of item i
Cp: heat capacity (kJ/kgK)
Kp: Equilibrium constant in gas phase
Kx: Equilibrium constant in liquid phase
fci : Flow of material I (kg/s)
Pi : Partial pressure of component i (kPa)
Qi: Heat flow in unit i  (kW) 
R: reflux ratio.
xl: Molar concentration of species i                
yi: Molar fraction of species i                
 Z: Objective function (€/s)

Hf: Formation energy of stream(kJ/kg)
hf: Formation enthalpy of species (kJ/kg)

Supporting Information

Thermodynamic data and additional modeling details can be found in the supporting information. This material is available free of charge via the Internet at http://pubs.acs.org.
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