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S1  Well-to-tank: OME3.s production processes (worst-case scenario)
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Figure S1: Well-to-tank (A) carbon footprint in g CO; eq. per MJ, (B) respiratory effects in 1011 disease incidence per MJ, and (C) photochemical
ozone formation in 10¢ kg NMVOC eq. per MJ of the four OME;.s production routes for the worst-case scenario. The carbon footprint of the
carbon uptake due to CO; utilization is negative (light grey). Positive environmental impacts result from direct CO, emissions in purge gases
from OMEj3.s production (black), electricity supply (yellow) that is further subdivided in electricity for OMEs.s and CO; supply in (B) and (C),
other emissions due to process water supply and wastewater treatment (dark grey), heat supply (red), and hydrogen supply (blue). Although
not inside the system boundary of a well-to-tank analysis, we additionally indicate the end-of-life emissions from OME3.s combustion for the
carbon footprint (A, hatched blue): The entire life cycle of CO,-based fuels cannot be carbon-negative and is thus carbon-neutral at best.

S2  Well-to-tank: OME3.s production processes (best-case scenario with CO; from direct air capture)
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Figure S2: Well-to-tank (A) carbon footprint in g CO; eq. per MJ, (B) respiratory effects in 101! disease incidence per MJ, and (C) photochemical
ozone formation in 10¢ kg NMVOC eq. per MJ of the four OME3.s production routes for the best-case scenario but now with CO, from direct
air capture. The carbon footprint of the carbon uptake due to CO; utilization is negative (light grey). Positive environmental impacts result
from direct CO; emissions in purge gases from OMEjs.s production (black), minor emissions due to process water supply and wastewater
treatment (dark grey), and electricity supply (yellow). The electricity supply is further subdivided in electricity for hydrogen, heat, OMEs.5, and
CO; supply in (B) and (C). Although not inside the system boundary of a well-to-tank analysis, we additionally indicate the end-of-life emissions
from OME3;.s combustion for the carbon footprint (A, hatched blue): The entire life cycle of CO»-based fuels cannot be carbon-negative and is
thus carbon-neutral at best.
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S3  Well-to-wheel: the entire life cycle of diesel-OME3.s blends (worst-case scenario)
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Figure S3: Well-to-wheel (A) carbon footprint in g CO; eq. per km, (B) respiratory effects in 101! disease incidence per km, and
(C) photochemical ozone formation in 10°¢ kg NMVOC eq. per km of pure fossil diesel, blends of OME3.s in fossil diesel, and pure OMEj;.s for
the worst-case scenario. OMEj3.s is produced via the MeOH DEHY route. The carbon footprint of the carbon uptake due to CO; utilization is
negative (light grey). Positive environmental impacts result from electricity supply (yellow), heat supply (red), hydrogen supply (dark blue),
direct CO; emissions in purge gases from OME;.s production (black), diesel production (brown), fuel combustion (light blue), and other
environmental impacts due to process water supply and wastewater treatment (dark grey).

S4 Well-to-wheel: the entire life cycle of diesel-OMEs.s blends (best-case scenario with CO, from

direct air capture)
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Figure S4: Well-to-wheel (A) carbon footprint in g CO, eq. per km, (B) respiratory effects in 10! disease incidence per km, and (C)
photochemical ozone formation in 106 kg NMVOC eq. per km of pure fossil diesel, blends of OMEs.s in fossil diesel, and pure OME3.s for the
best-case scenario but now with CO, from direct air capture. OME3.s is produced via the MeOH DEHY route. The carbon footprint of the carbon
uptake due to CO; utilization is negative (light grey). Positive environmental impacts result from electricity supply (yellow), direct CO,
emissions in purge gases from OME3s.s production (black), diesel production (brown), fuel combustion (light blue), and minor emissions due to
process water supply and wastewater treatment (dark grey).
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S5 Blending OMEs3.s5 gradually into a fleet
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Figure S5: The well-to-wheel carbon footprint as function of the carbon footprint of electricity supply for pure OME 3.5, blends of 20, 35, and
50 vol.-% OMEj3 s in diesel as well as pure fossil diesel. Results are shown for CO, from an ammonia plant (solid curves) and for CO; from direct
air capture (dashed curves). The well-to-wheel impacts include emissions along the entire life cycle of diesel-OMEj3.s blends.
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Additional electricity in PWh
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Figure S6: (A) The volumetric blending ratio, the well-to-wheel (B) carbon footprint (CF), (C) respiratory effects (RE), and (D) photochemical
ozone formation (POF) as function of additionally available electricity for OMEs.s production. Results are presented for country- and
technology-specific environmental impacts of electricity. Solid curves indicate the environmental impacts of blending OME 5.5 with fossil diesel
for the entire fleet (“blend for all”), while dashed lines show the results for switching only some diesel passenger cars to pure OME3.s usage
(“pure for few”). "Pure for few" is the linear combination of pure diesel and pure OME 3.5 and is, for the sake of better readability, shown for
only two examples. The black bold lines indicate the environmental impacts of pure fossil diesel for reference. CO; is supplied by direct air
capture. CH: Switzerland, FR: France, NO: Norway, PV: photovoltaic, and ST: solar-thermal. The theoretical limit of a burden-free electricity

supply is also included as lower bound.
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S6 Life cycle inventories

In this section, life cycle inventories (LCI) of all OMEs;.s production routes and the life cycle assessment (LCA) datasets
for the background system are presented. LCls for OMEs.s production routes are shown as modified for our analyses
and as heat-integrated. Heat integrations have been performed or recalculated, where necessary due to our

modifications (cf. Section 3 in the manuscript).

Characteristics of anhydrous and aqueous OME;s routes

Dependent on whether water coexists in the final process step of OMEs.s formation, OMEj3.s routes can be divided
into two types: anhydrous and aqueous routes (cf. Figure 2 in the manuscript). In the aqueous routes, the
production of water during OMEs.s production is disadvantageous. First, it lowers the OMEs.s yield as undesired side
products are formed ! and equilibrium conversion is shifted towards the reactants. 2 Second, water complicates
product separation due to similar physio-chemical properties between water and OME; and the formation of
azeotropes. 3 Promising solutions for water removal, e.g., membranes, are however in investigation. * An advantage
of the aqueous routes is the direct use of methanol and formaldehyde (FA) for the production of OMEs;.s. The
anhydrous routes are advantageous as water is absent during OME3s_s formation, making both the reaction and the
separation of the final product less complicated. However, a water-free FA source, e.g., trioxane or anhydrous FA,

is required, whose production is energy-intensive. ®

Consistency in the underlying modelling assumptions for the considered OME;.s routes

Using data from different authors in a comparative study requires thorough consideration of consistency in the
underlying modelling assumptions. Given the following model characteristics, we can conclude that the
assumptions of the different process models are similar enough for a comparison. For the reactor models, we used
detailed kinetic models where available (methanol, formaldehyde via partial oxidation of methanol, OME;, OME3;.s
from trioxane and OME;, and OMEs.s from methanol and formaldehyde). Where no detailed kinetic models were
available, we used either industrial data (trioxane), experimental data (formaldehyde via dehydrogenation of
methanol), or equilibrium-based models if the process is experimentally or industrially close to equilibrium (DME,
and OME;s_s from trioxane and DME). For distillation columns, tray-to-tray RadFrac models were used everywhere.
Overall, the thermodynamic models are based on the work of one research group (Maurer, Albert, Hasse, and
Burger), which again speaks for a certain consistency between the models. Finally, for all routes, we recalculated
or calculated for the first time, where not yet done in literature, pinch-based heat integration to further improve

comparability between the routes.

Anhydrous OME; s route via trioxane and OME; (TRI+OME,)
Trioxane is the most common intermediate for anhydrous OMEjs.s production. It is commonly produced industrially
from aqueous FA with a low FA conversion of approximately 5 % catalyzed by sulfuric acid. ® To achieve a high

overall trioxane yield, high recycle streams are necessary, which result in a high energy demand for separation both
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by pure distillation ® and by the conventional but more complex extractive distillation. 7 The capping source for

anhydrous OMEs.s production can either be OME; or dimethyl ether (DME) (cf. Figure 2 in the manuscript).

OMEs.s production via trioxane and OME; (TRI+OME;) is the most well-known anhydrous route. OME; can be

produced from methanol and aqueous FA using established process concepts with an acidic catalyst and a reactive

pressure-swing distillation. & In OMEs s formation, trioxane first decomposes over an acidic catalyst to molecular FA,

which is then incorporated into OME,.1. ° An alternative mechanism is the direct incorporation of trioxane into

OMEn.s. A high selectivity towards OMEs.s of approximately 70 % can be achieved and its purification via rectification

requires only little energy. 1024

Table S1: Life cycle inventory of methanol production®® for the anhydrous route via trioxane and OME; (TRI+OME1) with full heat integration

per kg of OME3.s.

Flow Value Unit

In
H. -0.249 kg
CO; -1.816 kg
Air -0.676 kg
Electricity -1.270 MJ

Out
Methanol 1.272 kg
Exhaust 0.746 kg

thereof CO; 0.065 kg

Table S2: Life cycle inventory of formaldehyde production®> for the anhydrous route via trioxane and OME; (TRI+OME;) with full heat

integration per kg of OMEj3.s.

Flow Value Unit
In
Methanol -0.850 kg
Water -0.318 kg
Water, solvent -0.080 kg
Air 2275 kg
Electricity -0.155 M)
Out
Formaldehyde, aq (50 wt.-%) 1.446 kg
Exhaust 2.078 kg
thereof CO; 0.103 kg
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Table S3: Life cycle inventory of OME; production®® for the anhydrous route via trioxane and OME; (TRI+OME;) with full heat integration per
kg Of OMEj3.s.

Flow Value Unit
In
Methanol -0.422 kg
Formaldehyde, aq (50 wt.-%) -0.394 kg
Air -0.338 kg
Electricity -0.001 MJ
Out
OME; 0.484 kg
Wastewater 0.316 kg
Exhaust 0.355 kg
thereof CO, 0.028 kg

Table S4: Life cycle inventory of trioxane production’® for the anhydrous route via trioxane and OME; (TRI+OME ) with full heat integration
per kg of OMEj3.s.

Flow Value Unit
In
Formaldehyde, aq (50 wt.-%) -1.052 kg
Electricity -1.036 MmJ
Heat at 93°C -13.265 MJ
Heat at 128°C -5.165 MJ
Out
Trioxane 0.515 kg
Wastewater 0.536 kg

Table S5: Life cycle inventory of OME3.s production?® for the anhydrous route via trioxane and OME; (TRI+OME ) with full heat integration per
kg Of OMEg3.s.

Flow Value Unit
In

OME; -0.484 kg

Trioxane -0.515 kg
Out

oM E3.5 1.000 kg

Anhydrous OME; s route via trioxane and DME (TRI+DME)

The advantage of producing OMEs;.s via trioxane and DME (TRI+DME) is the more direct access to DME from H, and
CO, compared to OME;. Thereby, the methanol and FA production plants are only needed for trioxane production
and can thus be smaller. DME can be produced directly from H, and CO, ¥ in a one-step process without producing
methanol as an intermediate. * For OMEs.s production from trioxane and DME, a higher energy demand is reported
compared to OMEs.s production from trioxane and OME;, while the production of DME is highlighted as cheaper
compared to OME;. ¥
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Table S6: Life cycle inventory of methanol production®® for the anhydrous route via trioxane and DME (TRI+DME) with full heat integration

per kg of OME3.s.

Flow Value Unit

In
H» -0.169 kg
CO; -1.227 kg
Air -0.457 kg
Electricity -0.858 MJ

Out
Methanol 0.860 kg
Exhaust 0.504 kg

thereof CO, 0.044 kg

Table S7: Life cycle inventory of formaldehyde production?® for the anhydrous route via trioxane and DME (TRI+DME) with full heat integration

per kg of OMEj3.s.

Flow Value Unit

In
Methanol -0.860 kg
Water -0.322 kg
Water, solvent -0.081 kg
Air -2.301 kg
Electricity -0.157 MJ

Out
Formaldehyde, ag (50 wt.-%) 1.463 kg
Exhaust 2.102 kg

thereof CO; 0.104 kg

Table S8: Life cycle inventory of DME production®° for the anhydrous route via trioxane and DME (TRI+DME) with full heat integration per kg

of OMEj3.s.

Flow Value Unit

In
H: -0.076 kg
CO; -0.552 kg
Air -0.091 kg
Electricity -0.409 M)

Out
DME 0.284 kg
Wastewater 0.334 kg
Exhaust 0.101 kg

thereof CO; 0.009 kg
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Table S9: Life cycle inventory of trioxane production?t for the anhydrous route via trioxane and DME (TRI+DME) with full heat integration per
kg Of OMEj3.s.

Flow Value Unit
In
Formaldehyde, aq (50 wt.-%) -1.463 kg
Electricity -1.440 MmJ
Heat at 93°C -15.627  MJ
Heat at 128°C -9.772 MJ
Out
Trioxane 0.716 kg
Wastewater 0.745 kg

Table S10: Life cycle inventory of OMEs.s production?® for the anhydrous route via trioxane and DME (TRI+DME) with full heat integration per
kg Of OME3.5.

Flow Value Unit
In

DME -0.284 kg

Trioxane -0.716 kg
Out

OME3;.s 1.000 kg

Aqueous OME; s route via methanol and formaldehyde by partial oxidation of methanol (MeOH POX)

In contrast to the anhydrous routes, aqueous routes directly utilize methanol and typically aqueous FA for OMEs.s
formation (cf. Figure 2 in the manuscript). In addition to the complex oligomerization reactions in methanolic and
aqueous FA solutions, which take place without the presence of a catalyst, % the desired formation of OME, takes
place in the presence of an acidic catalyst accompanied by water formation following etherification reactions. 2
The alternative chain-growth mechanism of OME; towards OME, is the direct incorporation of FA into OMEn.1.
Irrespective of the mechanism, water is present in the system. However, the amount of water and thus the type of

FA source may have a huge influence on the performance of the OMEj3s production.

Commercial FA production takes place via partial oxidation of methanol (FORMOX process) or combined partial
oxidation and dehydrogenation of methanol (BASF process). ° In the BASF process, co-produced H, is burned for
power generation since it is diluted in the remaining off-gas. For both processes, the overall reaction stoichiometry
is the same and the resulting FA concentration in the aqueous solution is up to 55 wt.-%. > To increase the FA
concentration, a subsequent falling-film evaporator can be used as it has been applied in Held et al. > Due to a
lower heat demand and favorable economics, the BASF process is considered in this study (MeOH POX). > Therein,
methanol reacts with air completely to FA and small amounts of side products (CO,, CO, and H,). Water is added to
the reactor to avoid explosive mixture compositions and is further added as a solvent in the subsequent absorber,

yielding the desired aqueous FA solution.
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Table S11: Life cycle inventory of methanol production? for the aqueous route via methanol and formaldehyde by partial oxidation of
methanol (MeOH POX) with full heat integration per kg of OMEj3.s.

Flow Value Unit
In
H: -0.250 kg
CO; -1.829 kg
Air -1.018 kg
Electricity -1.400 MJ
Out
Methanol 1.252 kg
Wastewater 0.720 kg
Exhaust 1.134 kg
thereof CO, 0.113 kg

Table S12: Life cycle inventory of formaldehyde production®? for the aqueous route via methanol and formaldehyde by partial oxidation of
methanol (MeOH POX) with full heat integration per kg of OMEj3.s.

Flow Value Unit
In
Methanol -0.835 kg
Water -0.241 kg
Air -1.491 kg
Electricity -0.043 MJ
Out
Formaldehyde, aq (85 wt.-%) 0.824 kg
Wastewater 0.449 kg
Exhaust 1.294 kg
thereof CO; 0.121 kg

Table S13: Life cycle inventory of OME3;.s production? for the aqueous route via methanol and formaldehyde by partial oxidation of methanol
(MeOH POX) with full heat integration per kg of OME3.s.

Flow Value Unit
In
Formaldehyde, aq (85 wt.-%) -0.824 kg
Methanol -0.417 kg
Heat at 143°C -0.597 MJ
Out
OMEs3.s 1.000 kg
Wastewater 0.241 kg

Aqueous OME; s route via methanol and formaldehyde by dehydrogenation of methanol (MeOH DEHY)

The prominent advantage of methanol dehydrogenation (MeOH DEHY) compared to partial oxidation is the
significant co-production of H; instead of water. This H, can be used for the preceding methanol production to
lower the overall electricity demand for the entire Power-to-Fuel process. However, in contrast to the exothermic
BASF process, FA production via dehydrogenation of methanol is an endothermic reaction that requires heating at
reactor temperatures of 450-900 °C. 2* Selective and active catalysts have already been identified resulting in a high

single-pass FA yield of over 70 %. 2% In this study, we assume a copper/zinc/selenium catalyst achieving a methanol
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conversion of 69 % and FA selectivity of 90 %, resulting in a yield of 62.1 % at 650 °C reactor temperature. 2® Small
amounts of CO and CH,4 are formed as side products. These experimental results have been achieved by methanol

dilution with H; in the ratio of 1:1 in the reactor feed.

Table S14: Life cycle inventory of methanol production?? for the aqueous route via methanol and formaldehyde by dehydrogenation of
methanol (MeOH DEHY) with full heat integration per kg of OME3.s.

Flow Value Unit
In
H. -0.259 kg
CO; -1.898 kg
Air -1.056 kg
Electricity -1.400 MJ
Out
Methanol 1.299 kg
Wastewater 0.747 kg
Exhaust 1.176 kg
thereof CO; 0.118 kg

Table S15: Life cycle inventory of formaldehyde production?*-26 for the aqueous route via methanol and formaldehyde by dehydrogenation of
methanol (MeOH DEHY) with full heat integration per kg of OME3.s.

Flow Value Unit
In
Methanol -1.299 kg
Water -0.152 kg
Air -2.550 kg
Electricity -0.637 MJ
Heat at 650°C -2.135 M)
Out

Formaldehyde/Methanol/Water 1.241 kg
(56/34/10 wt.-%)

H. 0.055 kg
Exhaust 2.705 kg
thereof CO; 0.186 kg

Table S16: Life cycle inventory of OME;.s production? for the aqueous route via methanol and formaldehyde by dehydrogenation of methanol
(MeOH DEHY) with full heat integration per kg of OME3.s.

Flow Value Unit
In

Formaldehyde/Methanol/Water -1.241 kg
(56/34/10 wt.-%)

Heat at 197°C -3.279 M)
Out

OMEss 1.000 kg

Wastewater 0.241 kg
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LCA datasets for the background system

Table S17: LCA datasets for the background system.

Flow Dataset Region Reference
Wastewater treatment of wastewater, average, Europe® ecoinvent 3.7 cut-off?’
capacity 1E9l/year
Water Water (desalinated; deionised) ts EU-28 GaBi %8
Diesel Diesel mix at filling station ts EU-28 GaBi %
Electricity Electricity grid mix (average power EU-28 GaBi %
plants) ts®
Electricity from wind power ts? EU-28 GaBi %
Electricity from photovoltaic ts EU-28 GaBi 28
Electricity from solar thermal ts EU-28 GaBi %
Electricity grid mix ts DE GaBi %
Electricity grid mix ts IT GaBi %8
Electricity grid mix ts DK GaBi %
Electricity grid mix ts AT GaBi %8
Electricity grid mix ts Fi GaBi %8
Electricity grid mix ts BE GaBi %
Electricity grid mix ts CH GaBi %8
Electricity grid mix ts FR GaBi %8
Electricity grid mix ts NO GaBi %8
Heat below 90°C steam production, as energy carrier, Europe  ecoinvent 3.7 cut-off?’
in chemical industry ?
Heat pump (COP = 3.28) 29 - David et al. %
Heat between steam production, as energy carrier, Europe  ecoinvent 3.7 cut-off?’
90-250°C in chemical industry?
Electrode boiler (n = 0.95)° - Miiller et al. 3°
Heat above 250°C Thermal energy from natural gas ts* EU-28 GaBi %8
Electrode boiler (n = 0.95)° - Miiller et al. 3°
Hydrogen Hydrogen (steam reforming from DE GaBi %8

natural gas) ts®
PEM electrolysis ®

ReuR et al. 3!

Carbon dioxide

CO; from direct air capture®
CO, from ammonia plant >¢

Deutz et al. ¥
von der Assen et al. 33

9 Worst-case scenario.
b Best-case scenario.
¢ Without Switzerland.

9 Averaged coefficient of performance (COP) of heat pumps built beyond 2006 with Tsurce = 9-15°C and
Toperate = 90°C from David et al. %°.
¢ Without electricity consumption for compressing CO, to 100 bar for transportation: The OMEs_s production

routes of this study demand CO; at 1 bar and include the CO, compression intrinsically in their system boundaries.
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S7 Exergy efficiency and specific exergies

The exergy efficiency is calculated as the share of all exergy output flows divided by all exergy input flows:

EOME3_5
EH2 + EQin + Pg

NExergy =

Eomg,_s, En,» and E¢,  denote the exergy flows associated with the flows of OMEss, Hy, and the net heat demand

Qin, While P, represents the electricity consumption of the OMEs s production system. The net heat demand Q;,,
is calculated by pinch-based heat integration. Here, CO; is not shown as exergy input flow since it brings negligible

exergy into the system at 1 bar and 298 K.

Table S18: Specific exergies of considered mass and heat flows. The state of each component is denoted as follows: g for gaseous and | for
liquid.

Component State Pressurein bar Temperaturein K Value

Exergy of mass flows in MJexerg,/kg
H, g 30 298 121.83
CO; g 1 298 0.00
Methanol | 1 298 21.93
Formaldehyde | 1 298 8.36
Formaldehyde® I 1 298 14.35
Trioxane | 1 368 17.24
DME | 10 298 30.21
OME; | 1 298 25.01
OME; | 1 298 21.42
OME, | 1 298 20.78
OMEs | 1 298 20.23
OME3;5°€ | 1 298 20.91
OME;.5¢ | 1 298 20.97
OME;.5® | 1 298 20.80
FA/Methanol/H,0 | 1 368 17.27
(56/34/10 wt.-%)

Exergy of heat flows in MJexergy/MJ
Trioxane production (93°C) 366 0.19
Trioxane production (128°C) 401 0.26
OME3.5 production (143°C) 416 0.28
OME;s.s production (197°C) 470 0.37
Formaldehyde production (650°C) 923 0.68

750 wt.-% aq.
b85 wt.-% aq.
¢ Mixture of Burger et al.: 3  42.88 % OME3s, 33.77 % OME,, 23.35 % OMEs.
4 Mixture of Held et al.: 23 49.89 % OME;3, 30.69 % OME,4, 19.39 % OMEs.
¢ Mixture of Breitkreuz et al.: ** 33.69 % OME3, 34.30 % OME,, 32.01 % OMEs.
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S8 Exergy balances
Using the inventories in Section S6 and the specific exergies in Section S7, we can directly compute the exergy flow
rates entering and leaving the processes in the considered production routes. The only point that requires

additional attention are the heat flows.

For the LCA as well as for computing the overall exergy efficiency of the production routes, we consider full heat
integration along the entire production route. This means that any hot and cold stream from each process step
(e.g., methanol production, formaldehyde production, OMEs;.s production) can be matched with any other cold and
hot stream, including streams from other process steps. As such, we only get an overall heat demand for each
production route. Since we performed heat integration only by pinch analysis, we just know how much external
heating and cooling is required for the entire production route, but we do not know how much heat is transferred
within each process step and from one process step to another. While this overall heat demand is sufficient to
compute the LCA indicators and the overall exergy efficiency, it does not allow us to obtain exergy balances

(or, more specifically, the exergy of heat flows) for each individual process step (e.g., methanol production only).

Nevertheless, we still want to be able to calculate approximate exergy balances for each individual process step in
order to visualize the main exergy flows and losses. To do so, we derive an estimate for the heat transfer between
the individual process steps as follows. We conduct heat integration by pinch analysis individually for each process
step, which gives us an estimate for the required external heating and cooling of each process step as well as the
associated temperature levels. We can then approximately match high-enough temperature cooling demand of
one process step with lower-temperature heating demand of another process step. This type of heat integration is
more restricted than the full heat integration, allowing matches between any two streams considered above.
Therefore, it does not yield exactly the same results, but a rough estimate for the heat flows that are exchanged

between the process steps.

The resulting exergy balances are given in the following tables.
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Anhydrous route via trioxane and OME; (TRI+OME;,)

Table S19: Exergy balance of methanol production®® for the anhydrous route via trioxane and OME; (TRI+OME;). Exergy flows are given for
1 kg Of OME3.s.

Exergy flow Value Unit
In
H, -30.40 MJ
Electricity -1.27 MJ
Out
Methanol 27.89 MmJ
Heat export to 0.15 MJ
OME; at 155°C
Heat export to 1.01 MJ
OME;.s at 250/200°C
Loss 2.62 MmJ

Table S20: Exergy balance of formaldehyde production®> for the anhydrous route via trioxane and OME; (TRI+OME;). Exergy flows are given
for 1 kg of OMEj3.s.

Exergy flow Value Unit
In
Methanol -18.64 MmJ
Electricity -0.16 MJ
Out
Formaldehyde, ag (50 wt.-%) 12.08 M)
Heat export to 0.92 MmJ
OME; at 200°C
Heat export to 0.74 MmJ
trioxane at 200°C
Loss 5.06 MmJ

Table S21: Exergy balance of OME; production?® for the anhydrous route via trioxane and OME (TRI+OME;). Exergy flows are given for 1 kg
Of OMEg.5.

Exergy flow Value Unit
In
Methanol -9.25 MJ
Formaldehyde, aq (50 wt.-%) -3.29 M)
Heat import from -0.15 M)
methanol at 155°C
Heat import from -0.92 M)
formaldehyde at 200°C
Heat import from -0.24 M)
OME;s.s at 110°C
Electricity -0.00 MJ
Out
OME; 12.11 MJ
Loss 1.74 MJ
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Table S22: Exergy balance of trioxane production?® for the anhydrous route via trioxane and OME; (TRI+OME}). Exergy flows are given for
1 kg Of OME3.s.

Exergy flow Value Unit
In
Formaldehyde, aq (50 wt.-%) -8.79 M)
Heat import from -0.74 MJ
formaldehyde at 200°C
Heat at 93°C -2.46 M)
Heat at 128°C -1.33 M)
Electricity -1.04 MJ
Out
Trioxane 8.88 MJ
Loss 5.48 MJ

Table S23: Exergy balance of OME3;.s production® for the anhydrous route via trioxane and OME; (TRI+OME;). Exergy flows are given for 1 kg
Of OMEg3.s.

Exergy flow Value Unit
In
OME; -12.11 M)
Trioxane -8.88 MJ
Heat import from -1.01 MJ
methanol at 250/200°C
Out
OME3;.s 20.91 M)
Heat export to 0.24 MmJ
OME; at 110°C
Loss 0.85 MmJ
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Anhydrous route via trioxane and DME (TRI+DME)

Table S24: Exergy balance of methanol production®® for the anhydrous route via trioxane and DME (TRI+DME). Exergy flows are given for 1 kg
Of OME3.5.

Exergy flow Value Unit
In
H, -20.55 M)
Electricity -0.86 MmJ
Out
Methanol 18.86 M)
Heat export to 0.73 MJ
trioxane at 185°C
Loss 1.82 MJ

Table S25: Exergy balance of formaldehyde production®> for the anhydrous route via trioxane and DME (TRI+DME). Exergy flows are given for
1 kg Of OME3.s.

Exergy flow Value Unit
In
Methanol -18.86 M)
Electricity -0.16 MJ
Out
Formaldehyde, ag (50 wt.-%) 12.22 MJ
Heat export to 1.02 MmJ
trioxane at 200°C
Heat export to 0.85 MmJ
OME;s at 300°C
Loss 4,93 MmJ

Table S26: Exergy balance of DME production?° for the anhydrous route via trioxane and DME (TRI+DME). Exergy flows are given for 1 kg of
OMEg3;.s.

Exergy flow Value Unit
In
H, -9.24 M)
Electricity -0.41 M)
Out
DME 8.58 M)
Heat export to 0.16 MmJ
trioxane at 195°C
Loss 0.91 MJ
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Table S27: Exergy balance of trioxane production?® for the anhydrous route via trioxane and DME (TRI+DME). Exergy flows are given for 1 kg
Of OME3.5.

Exergy flow Value Unit
In
Formaldehyde, aq (50 wt.-%) -12.22 M)
Heat import from -0.73 MJ
methanol at 185°C
Heat import from -1.02 MJ
formaldehyde at 200°C
Heat import from -0.16 MJ
DME at 195°C
Heat at 93°C -2.90 M)
Heat at 128°C -2.51 M)
Electricity -1.44 MJ
Out
Trioxane 12.34 MJ
Loss 8.64 MmJ

Table S28: Exergy balance of OME3s.s production®? for the anhydrous route via trioxane and DME (TRI+DME). Exergy flows are given for 1 kg
Of OME3.5.

Exergy flow Value Unit
In
DME -8.58 MJ
Trioxane -12.34 MJ
Heat import from -0.85 M)
formaldehyde at 300°C
Out
OMEs3;.s 20.80 MJ
Loss 0.97 MJ
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Aqueous route via methanol and formaldehyde by partial oxidation of methanol (MeOH POX)

Table S29: Exergy balance of methanol production?? for the aqueous route via methanol and formaldehyde by partial oxidation of methanol
(MeOH POX). Exergy flows are given for 1 kg of OMEj3.s.

Exergy flow Value Unit
In
H, -30.47 M)
Electricity -1.40 MJ
Out
Methanol 27.45 MJ
Heat export to 1.54 MJ
OME;.s at 650/230°C
Loss 2.88 MJ

Table S30: Exergy balance of formaldehyde production®? for the aqueous route via methanol and formaldehyde by partial oxidation of
methanol (MeOH POX). Exergy flows are given for 1 kg of OMEj3.s.

Exergy flow Value Unit
In
Methanol -18.31 MmJ
Electricity -0.04 MJ
Out
Formaldehyde, aq (85 wt.-%) 11.83 M)
Heat export to 2.79 MmJ
OME;.s at 650/200°C
Loss 3.73 MJ

Table S31: Exergy balance of OME;.s production?? for the aqueous route via methanol and formaldehyde by partial oxidation of methanol
(MeOH POX). Exergy flows are given for 1 kg of OMEj3.s.

Exergy flow Value Unit
In
Formaldehyde, aq (85 wt.-%) -11.83 MJ
Methanol -9.14 M)
Heat import from -1.54 M)
methanol at 650/230°C
Heat import from -2.79 M)
formaldehyde at
650/200°C
Heat at 143°C -0.17 M)
Out
OME3s.s 20.97 MJ
Loss 4.50 MJ
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Aqueous route via methanol and formaldehyde by dehydrogenation of methanol (MeOH DEHY)

Table S32: Exergy balance of methanol production? for the aqueous route via methanol and formaldehyde by dehydrogenation of methanol
(MeOH DEHY). Exergy flows are given for 1 kg of OME3.s.

Exergy flow Value Unit
In
H» -24.96 MJ
H. recycle -6.65 M)
from formaldehyde
Electricity -1.40 MJ
Out
Methanol 28.48 MJ
Heat export to 1.93 MJ
OME;.s at 650/200°C
Loss 2.60 MJ

Table S33: Exergy balance of formaldehyde production?*-26 for the aqueous route via methanol and formaldehyde by dehydrogenation of
methanol (MeOH DEHY). Exergy flows are given for 1 kg of OME3.s.

Exergy flow Value Unit
In
Methanol -28.48 M)
Heat at 650°C -1.45 M)
Electricity -0.64 M)
Out

Formaldehyde/Methanol/Water 21.44 MJ
(56/34/10 wt.-%)

H. recycle 6.65 Ml
to methanol

Heat export to 0.67 MJ
OMEs;5 at 200°C

Loss 1.81 MJ

Table S34: Exergy balance of OMEs.s production? for the aqueous route via methanol and formaldehyde by dehydrogenation of methanol
(MeOH DEHY). Exergy flows are given for 1 kg of OME3.s.

Exergy flow Value Unit
In

Formaldehyde/Methanol/Water -21.44 MJ
(56/34/10 wt.-%)

Heat import from -1.93 Ml
methanol at 650/200°C

Heat import from -0.67 Ml
formaldehyde at 200°C

Heat at 197°C -1.20 M)

Out
OME3s.s 20.97 MJ
Loss 4.27 MJ

Electronic Supporting Information 521



S9 Emission measurement

Table S35: Specifications of the single-cylinder engine.

Feature Unit Value
Bore mm 75
Stroke mm 88.3
Displacement Liter 0.39
Compression ratio - 15:1
Swirl number - 1.25
Max. injection pressure bar 2000
Max. boost pressure (abs.) bar 4
Peak firing pressure bar 220
Max. engine speed 1/min 5500

Piston bowl geometry

Aluminum piston with
w-shaped reentrant

Table S36: Measuring devices for species concentration, air mass flow, and fuel mass flow.

Emission

Measuring principle

Device

Soot

Filter paper method

AVL 415s

Particle number and size

Differential electrical mobility

TSI Engine exhaust particle sizer 3090

separation
NOx Chemiluminescence detector EcoPysics CLD 700 EL
HC S
. Flame ionization detector Rosemount — NGA 2000
as CsHs equivalent
CO & CO, Non dispersive infrared Rosemount — NGA 2000
0, Paramagnetic detector Rosemount — NGA 2000
Formaldehyde & CH,4 FTIR FEV EmissionRate
Fuel mass flow Coriolis FEV FuelRate
Air mass flow Ultrasonic FEV AirRate
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Table S37: Data for the vehicle, engine, and after-treatment system model.

Parameter name Value unit
Vehicle mass 1590 kg
Gears 7 -
1%t gear ratio 4 -
2" gear ratio 2.1 -
3" gear ratio 1.38 -
4t gear ratio 1 -
5t gear ratio 0.78 -
6" gear ratio 0.65 -
7" gear ratio 0.52 -
Final drive ratio 2.93 -
Rolling resistance curve 0.04v2-0.32v+175 N
Drive train efficiency 0.95 -
Wheel diameter 61 cm
Engine displacement 1600 cm?
Inertia of turbine and compressor wheel 5x107° kg m?
DPF volume 3000 cm?
SCR volume 3600 cm?
DOC volume 1300 cm?
Initial temp. of after-treatment system 300 K
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Table S38: Variation domain for the global design of experiment (DOE) approach.

Variation parameter

Range

Distribution

Constraints

OMEs3;s content in fuel

0-100%

Predefined

0%, 35 vol.%, 100%

Engine speed

1000 - 2750 rpm

In steps of 250 rpm

No constraint

Imep of the high pressure

Constrained by full load at low engine

1.5-19.5 bar In steps of 2 bar,
cycle speeds
Center of combustion 5-20 Random 15 °CAaTDC from basis value for
°CAaTDC corresponding load point
: .
Rail pressure 500 — 2000 bar Random +300 barfrom basis valug for
corresponding load point
Pilot energizing time 180 - 300 us Random No constraint
Pilot offset rel. to main Inj. 800 — 3000 pus Random Constrained to -30 °CAaTDC
" :
Boost pressure 1-3 bar Random *0.3 bar from. basis vaIU(.a for
corresponding load point
EGR rate 0-70%, Random Constrained by A >1.1 for diesel and by

A >0.9 for pure OMEs.s

Table S39: The cumulated tailpipe emissions of fossil diesel, diesel-OMEj;.s blends, and pure OMEj3.s as well as the energy consumption of the

passenger car.
Fuel NO, emissions Soot emissions CO; emissions Energy.
consumption
- mg/km mg/km g/km MJ/km
Fossil diesel 58 0.56 115
_0,
20 vol.-% OME-5 40 0.40 117
in fossil diesel
_0,
35 vol--% OMEs.s 31 0.23 119 1.57
in fossil diesel
0
>0 vol.-% OME; 25 0.08 121
in fossil diesel
Pure OMEs.s 25 0.00 131
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S$10 Flowsheet of the OMEs.s production via methanol and formaldehyde by dehydrogenation of methanol (MeOH DEHY)
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Figure S7: Flowsheet of the OME;.s route via methanol and formaldehyde by dehydrogenation of methanol (MeOH DEHY route). The simplified process flowsheets for methanol and OMEj3.s synthesis
are taken from Held et al., 23 while the formaldehyde synthesis via dehydrogenation of methanol has been developed in this study.
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S11 Calculations for the analysis of blending OMEs.s gradually into the EU fleet of diesel
passenger cars
“Blend for all”: Blending OME3.s and fossil diesel for the entire fleet

We estimate the current annual mileage of the diesel passenger car fleet in the European Union (EU)

(mileagegigfé}’;)‘;ilsengerCars) as the product of the amount of diesel passenger cars in the EU
(ngigse]passengercars) and the average annual mileage per passenger car in the EU

il EU,annual,average, .
(ml eagepassenger car )

. EU,annual _ . EU s EU,annual,average
mlleagediesel passenger cars Ndiesel passenger cars mlleagepassenger car (Eq' 1)

The annual mileage of the EU fleet of diesel passenger cars results in 1.34x10*? km with 95.7 million

diesel passenger cars * and an estimated average annual mileage of 14,000 km in the EU. 3°

The transportation demand is proportional to the total enthalpy of combustion of the diesel-OMEs.s

blend (Epjena), assuming equal energy consumptions (€gjesel passenger car) for all diesel passenger cars:

— mi EU,annual .
Evlend = mlleagediesel passenger cars = €diesel passenger car - (Ea. 2)

The mass of produced OME; s is determined by the amount of available electricity (W) a4ditional) and

the specific electricity consumption to produce 1 kg of OMEs.s (Wej omE,_,):

_ Wel,additional
MOME;_s — - (Eq. 3)
Wel,OME;_s

The enthalpy of combustion of OMEss (EgumE,_.) is proportional to the mass of produced OME;.s and

the specific lower heating value of OMEss (LHVoumE,_,):

EomE,_s = MoME,_g " LHVoMmE,_; - (Eq. 4)
The sum of the enthalpies of combustion of OME;.s and diesel (Egjesel) €quals the total enthalpy of

combustion of the diesel-OMEss blend (Figure S8), assuming ideal mixing and equal energy

consumptions per km. Therefore, the enthalpy of combustion of diesel can be calculated as follows:

Egiesel = Evlend — EoME,_; - (Eq. 5)
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Figure S8: Energy balance of the enthalpies of combustion: The sum of both enthalpies of combustion of OME 3.5 and diesel
equals the total enthalpy of combustion of the blend.

The mass of produced diesel (mgjese1) is proportional to the enthalpy of combustion of diesel and the

specific lower heating value of diesel (LHVgjesel):

Mo — Ediesel (E 6)
diesel LHVdiesel . qg.

The total blend mass (myjenq) is the sum of the masses of produced OME;.s and diesel:

Mplend = MOME,_s + Mdiesel - (Eq.7)

The total blend mass increases with increasing mass of produced OMEs;.s (Figure S9). This is due to the
lower specific lower heating value of OMEss compared to that of fossil diesel: Substituting 1.0 kg of
fossil diesel requires 2.2 kg of OMEjs.s to provide the same amount of enthalpy of combustion, assuming
a constant energy consumption of the passenger car for both fuels. Note that we neglect the effect of

increasing fuel mass on the mileage.
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Figure S9: The total blend mass, OMEs.s mass and fossil diesel mass as functions of the additionally available electricity.
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The mass fractions of OMEs.s (YoMmE,_ blend) @nd diesel (Vgiesel,blend) Within the blend are calculated

as follows:
MOME,;_g
YOMEs_gblend =~ (Eq. 8)
37 Mplend
Ydieselblend = 1 — YOME,_g blend - (Eq.9)

As stated above, the total blend mass increases with increasing mass of produced OMEjs.s. This results
in nonlinear functions of additional electricity for both mass fractions (Figure S10). The mass fraction
of OMEjs.s, which equals the specific blending ratio of OMEs.s, is a concave function of the amount of
additionally available electricity. A blending component with a higher lower heating value than fossil
diesel would instead result in a convex function, while a blending component with the same lower

heating value as fossil diesel would result in a linear function.
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Figure S10: The mass fractions of OMEs.s and diesel within the blend as functions of the additionally available electricity.

The specific blending ratio of OME;.s (BRyy,555) €quals the mass fraction of OMEs.s within the blend:

_ MOME;_;
BRmass -
Mplend

= YOME;_s,blend - (Eq. 10)

The volumetric blending ratio of OMEs.s (BRyolumetric) i the ratio of the OME;.s volume (Vomg,_,) and
the total blend volume. The total blend volume is the sum of the OME;.s and the diesel volume (Vgjesel)-
Both the OMEss and diesel volume are proportional to the ratios of their masses and densities

(pOME3_5 and pgiesel):

VoME,_ mOME3_5/pOME3_5

Vome,_s t Vdiesel B MoME;_s/POME;_s + Mdiesel/ Pdiesel (Eq. 11)

BRyolumetric =
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The lower heating value of the blend (LHVyjenq) is obtained by the sum of the products of each

component’s mass fraction and specific lower heating value:

LHVyiend = z Yiblend " LHV;
g (Eq. 12)
= YOME;_g blend - LHVoME,_. T Vdieselblend - LHVdiesel -

The lower heating value of the diesel-OMEs;s blend is a convex, monotonically decreasing function of
the amount of additionally available electricity and ranges in the interval of both pure fuels’ lower

heating values (Figure S11).
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LHV_OME LHV_Diesel LHV_Blend
Figure S11: The lower heating values of pure OMEj3.s and pure fossil diesel as well as the lower heating value of diesel-OME3.5
blends as function of the additionally available electricity.

The environmental impact (El) of the fleet for “blend for all” (EIBLERA forall) follows from emission

measurements for each volumetric blending ratio (cf. Section 3.2 and S9).

“Pure for few”: Using pure OMEs.s and pure fossil diesel separately in the fleet
For “pure for few,” we calculate the mileage of diesel passenger cars with pure OMEs.s as the fraction
of the enthalpy of combustion of OMEss (Egmg,_.) and the energy consumption of diesel passenger
cars (egiesel passenger car)- The enthalpy of combustion of OMEs.s follows from the amount of produced
OME;.s depending on the available electricity for OMEs.s production (Eg. 3 and 4).

EomE,_

mileageomg, . = . (Eqg. 13)
€diesel passenger car

We estimate the mileage of diesel passenger cars with pure fossil diesel by subtracting the mileage of
diesel passenger cars with pure OMEs.s from the current annual mileage of the EU fleet of diesel
passenger cars (Eq. 1):

EU,annual

mileagegiese] = mileage oo passenger cars mileageomg, . - (Eq. 14)
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The mileage shares of pure OMEs.s and pure fossil diesel can then be calculated as follows:

Sharemileage _ mlleageOME3_5
OME;3_5 ~— milea eEU,annual ’ (Eq. 15)
9 diesel passenger cars
Sharemileage _ mileagediesel -1 Sharemileage (Eq. 16)
diesel — . - OME;_; * qg.
mlleageEU,annual 3-5

diesel passenger cars

The environmental impact (El) of the fleet for “pure for few” (EIE2EE T W) js the sum of the products

of the mileage shares and the environmental impacts of driving a diesel passenger car with pure OME3;.s
(ElomE,_,,pure) @and pure fossil diesel (Elgiesel pure), respectively. The environmental impacts of pure
OME3;s and pure fossil diesel stem from emission measurements (cf. Section 3.2 and S9).

Pure for few __ mileage mileage
Elgjeet = ShareoME3_5 ElomE,_g,pure T sharegioser * Eldieselpure (Ea. 17)
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S$12 Contribution analyses of the well-to-wheel environmental impacts for “blend for all”
as function of the additionally available electricity for OMEs.s production

In this section, we present contribution analyses of the environmental impacts for the case “blend for

all” and various electricity supplies as function of the additionally available electricity for OME3;.s

production.

Note that respiratory effects and photochemical ozone formation are significantly higher with
electricity from photovoltaic (Figure S14) than with electricity from wind power (Figure S17). The
considered LCA datasets of the LCA database GaBi assume manufacturing of photovoltaic modules
mostly in China, whereas most wind turbine components are assumed to be produced in Europe. In
contrast to Europe, China's electricity mix has a higher proportion of coal-fired power plants with
higher specific NO,, sulphur dioxide, and particulate matter emissions, increasing both environmental

impacts strongly. %

Furthermore, photochemical ozone formation shows a minimum between 0 and 0.5 PWh of additional
electricity for Switzerland, France, and photovoltaic (Figure $12-S14). For these electricity supplies,
emissions from electricity production overcompensate the nonlinear reduction of NOx emissions

during fuel combustion at these minima.
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Figure S12: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEs.s production. Results are
shown for the electricity supply of Switzerland (CH). The
well-to-wheel impacts include emissions along the entire
life cycle of diesel-OME;s.s blends. The black bold line
represents the environmental impacts of the conventional
fossil diesel system. CO,; is supplied by an ammonia plant.
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Figure S13: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEs.s production. Results are
shown for the electricity supply of France (FR). The well-
to-wheel impacts include emissions along the entire life
cycle of diesel-OMEs.s blends. The black bold line
represents the environmental impacts of the conventional
fossil diesel system. CO; is supplied by an ammonia plant.
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Figure S14: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEs.s production. Results are
shown for the electricity supply by photovoltaic (PV). The
well-to-wheel impacts include emissions along the entire
life cycle of diesel-OMEs;.s blends. The black bold line
represents the environmental impacts of the conventional
fossil diesel system. CO; is supplied by an ammonia plant.
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Figure S15: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OME;.s production. Results are
shown for the electricity supply by solar-thermal (ST)
energy. The well-to-wheel impacts include emissions
along the entire life cycle of diesel-OMEs;.s blends. The
black bold line represents the environmental impacts of
the conventional fossil diesel system. CO; is supplied by an
ammonia plant.
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Figure S16: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEs.s production. Results are
shown for the electricity supply of Norway (NO). The well-
to-wheel impacts include emissions along the entire life
cycle of diesel-OMEs.s blends. The black bold line
represents the environmental impacts of the conventional
fossil diesel system. CO, is supplied by an ammonia plant.
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Figure S17: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEs.s production. Results are
shown for the electricity supply by wind power. The well-
to-wheel impacts include emissions along the entire life
cycle of diesel-OMEs.s blends. The black bold line
represents the environmental impacts of the conventional
fossil diesel system. CO; is supplied by an ammonia plant.
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Figure S18: Well-to-wheel carbon footprint, respiratory
effects, photochemical ozone formation, and the
volumetric blending ratio as functions of additionally
available electricity for OMEjs.s production. Results are
shown for the theoretical limit of a burden-free electricity
supply. The well-to-wheel impacts include emissions
along the entire life cycle of diesel-OME;s.s blends. The
black bold line represents the environmental impacts of
the conventional fossil diesel system. CO; is supplied by an
ammonia plant.
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