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The combustion of fossil fuels within the transportation sector is a key driver of global warming (GW) and leads to

harmful emissions of nitrogen oxides (NOx) and particulates (soot). To reduce these negative impacts of the

transportation sector, synthetic fuels are currently being developed, which are produced from renewable energy

stored via catalytic conversion of hydrogen (H2) and carbon dioxide (CO2). A promising class of synthetic fuels are

oxymethylene ethers (OMEs). This study conducts a prospective environmental assessment of an OME-based fuel

using Life Cycle Assessment (LCA). We investigate an OME1-diesel-blend (OME1-blend), where OME1 replaces

24 mass% of diesel fuel. Such an OME1-blend could be a first step towards an OME transition. For the production

of OME1 from CO2-based methanol, we consider both the established route via condensation with formaldehyde

and a novel direct pathway based on catalytic combination with CO2 and hydrogen. To close the carbon loop,

CO2 supply via biogas and direct air capture is considered. In a best-case scenario, hydrogen is produced by water

electrolysis using electricity from wind power in the European Union as an input. The direct pathway reduces the

required process steps from three to two and is shown to allow for an improved utilization of the energy provided

by hydrogen: the exergy efficiency is increased from 74% to 86%. For combustion, we conducted experiments in

a single cylinder engine to determine the full spectrum of engine-related emissions. The engine data provide the

input for simulations of the cumulative raw emissions over the Worldwide Harmonized Light Vehicles Test

Procedures (WLTP) cycle for a mid-size passenger vehicle. Our well-to-wheel LCA shows that OME1 has the

potential to serve as an almost carbon-neutral blending component: replacing 24 mass% of diesel by OME1 could

reduce the GW impact by 22% and the emissions of NOx and soot even by 43% and 75%, respectively. The key to

achieving these benefits is the integration of renewable energy in hydrogen production. The cumulative energy

demand (CED) over the life cycle is doubled compared to fossil diesel. With sufficient renewable electricity

available, OME1-blends may serve as a promising first step towards a more sustainable transportation sector.

Broader context
In recent years, environmental challenges such as global warming (GW), air pollution and resource depletion have increased the need for the application of sustainable
technologies in the transportation sector. The transportation sector is central to achieving environmental targets since it contributes about 23% to the global carbon (CO2)
emissions. The environmental impact is mainly caused by both the production and the combustion of fossil fuels. Reducing these impacts requires a shift away from fossil
fuels towards more sustainable energy carriers. For this purpose, synthetic fuels are developed by reacting carbon dioxide with hydrogen obtained from water electrolysis.
Thereby, renewable energy is integrated into the transportation sector. A recent class of synthetic fuels are oxymethylene ethers (OMEs). They are accessible from CO2 and H2 via

methanol as a molecular pivot. In addition, OMEs allow a substantially cleaner combustion in terms of nitrogen oxides (NOx) and soot emissions compared to fossil diesel.
OMEs can be distributed using existing infrastructure and combusted in existing engines with minor adjustments (e.g. sealing and fuel line materials, and minimal adaptations
in the engine control unit to account for a lower heating value). Therefore, they could potentially serve as a drop-in fuel. To quantify the potential benefits from OME fuels, a
comprehensive environmental assessment is mandatory to evaluate the environmental performance from well-to-wheel – or more specifically from wind-to-wheel.
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1 Introduction

Today, the transportation sector almost exclusively depends
on fossil fuels. The combustion of fossil fuels within the
transportation sector is a major driver of global warming and
also a source of local pollutant emissions especially of nitrogen
oxides (NOx) and soot.1 Both NOx and soot emissions are
harmful for human health, and NOx further contributes to
acidification, eutrophication and ozone depletion.2 In Europe,
nearly 23% of energy-related greenhouse gas emissions3 and
46% of the NOx emissions4 are caused by the transportation
sector. To substantially reduce these negative impacts of the
transportation sector, a shift away from fossil fuels towards
renewable energy carriers should urgently be considered.

Renewable energy can be integrated into the transportation
sector by its conversion into the chemical energy carrier
hydrogen (H2) through water electrolysis and its catalytic con-
version with carbon dioxide (CO2) to liquid fuels.5–14 CO2

can be captured after combustion, from biogenic sources or
even directly from the air.15 By this means, synthetic fuels
can contribute to closing the carbon cycle, and potentially
become carbon neutral. At the same time, the transition from
fossil to renewable feedstocks opens the potential for tailor-
made fuels with improved properties such as high combustion
efficiencies and low pollutant emissions over the whole
value chain.16 The most studied examples of CO2-based fuels are
methane,11,14 methanol,10,14,17–19 dimethyl ether (DME),10,14,17,20

and Fischer–Tropsch-fuels.13,21

Recently, a promising class of novel synthetic fuels is receiving
attention: oxymethylene ethers (OMEs) also known as poly-
(oxymethylene) dimethyl ethers.22–29 OMEs are liquid fuels that
can be combusted in conventional diesel engines and distrib-
uted using existing infrastructure. Hence, OMEs have the
potential to be used immediately as drop-in fuels, which means
that OMEs could directly replace fossil diesel fuel. OMEs can be
produced with different chain lengths; while medium-chain
OMEs can directly substitute diesel, OME1 (also known as
methylal or dimethoxymethane) should be blended with fossil
diesel. Pure OME1 has a low boiling point (42 1C) and high
vapor pressure which would lead to storage and handling
requirements similar to gaseous fuel. However, when blending
OME1 into diesel the OME1-blend can be handled similar
to Gasoline (i.e., higher volatility, lower viscosity and a low
flashpoint compared to diesel fuel). Hence, in contrast to
pure OME1, OME1-blends are expected to be compatible
with the existing fuel distribution infrastructure with minor
adjustments. Depending on the amount of OME1 blended in
fossil diesel, minor modifications are expected to be necessary:
the sealing material and fuel line material might be replaced.
In the engine, the control unit might need minor adaption
to determine injector opening duration. Overall, such OME1-
blends may thus be the first step towards a transition to
OME fuels.

Compared to fossil diesel, OME fuels have a higher oxygen
content, leading to significantly lower soot emissions during
combustion.25,27 The inherent reduction of soot formation

enables further reduction of NOx emissions by increasing the
rate of exhaust gas recirculation (EGR). With fossil diesel fuel,
increased EGR rates would reduce the oxygen concentration in
the combustion chamber, thereby producing high amounts of
soot. In contrast, the lower tendency for soot formation of OME
fuels allows for more favorable combustion conditions with both
reduced soot and NOx emissions.25,27 Despite the promising
prospects of OME fuels, a comprehensive environmental evalua-
tion of OME fuels is currently missing.

Herein, we conduct such a comprehensive environmental
evaluation using Life Cycle Assessment (LCA). We study OME1

produced from H2 and CO2 where H2 is obtained from water
electrolysis and CO2 is captured from air or from a biogas plant
and combusted in a 35 vol% blend with diesel fuel. The 35 vol%
of OME1 replaces 24 mass% of fossil diesel due to the lower
heating value of OME1. Consequently, the volumetric fuel
consumption increases by approximately 20% compared to
fossil diesel assuming equal energetic efficiencies. The envir-
onmental impacts of the OME1-blend are benchmarked with
fossil diesel fuels over the full life cycle from production to
combustion in an engine. For the production of OME1, we
consider two alternative routes starting from methanol as
the common intermediate. In both routes, methanol is
obtained from CO2 via catalytic reduction with hydrogen (H2)
that is produced by electrolysis of water, which enables the
use of renewable energy. In the first route (Scheme 1), OME1

is produced via a condensation reaction from methanol
and formaldehyde (FA).28,30,31 However, since production of
formaldehyde first involves an oxidative step, the overall route
is redox-inefficient. As a second route (Scheme 2), we consider
a purely reductive approach to OME1 which was recently
demonstrated based on the direct transformation of methanol
with CO2/H2 to catalytically generate the central CH2-unit of the
OME molecule.32,33

To characterize the combustion of the OME1-blend, we
perform tests in a single cylinder engine. These engine tests
provide input data for simulations of a full driving cycle. Based
on the engine tests and the full driving cycle simulations, we
determine the full spectrum of raw combustion emissions.

While previous LCA studies on transportation examine
fossil fuels from ‘‘Well-to-Wheel’’,34–36 this work changes the
focus towards renewable energies, and assesses the potential
environmental impacts of OME fuels from ‘‘Wind-to-Wheel’’.
Correspondingly, our best-case scenario assumes electricity
from wind power in the European Union as input for water
electrolysis to produce hydrogen. The worst-case scenario
employs the expected European electricity grid mix 2020, and
a sensitivity analysis is carried out.

This paper is structured as following the steps of a life-
cycle assessment study according to ISO 14040/14044:37,38 in
Section 2, we define the goal and scope of the LCA. Section 3
provides the life cycle inventory with a detailed discussion of the
technical characteristics of the life cycle of OME1-blends, and
discusses the data collection. In Section 4, the life cycle impact
assessment is performed and the results of the study are shown
and discussed, before conclusions are drawn in Section 5.
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2 Goal and scope of the life cycle
assessment of OME1-blends

LCA is a comprehensive environmental assessment method
for products and services.37–40 The LCA method generally takes
into account the entire life cycle, from the extraction of raw
materials to final disposal of waste. Throughout the life cycle,
all flows of energy and material that are exchanged with the
environment are collected and interpreted with regard to their
environmental impacts. Various impact categories are usually
considered such as global warming (GW) and acidification.
A detailed description of the LCA methodology is provided by
ISO 14040/14044.37,38 In addition, Carbon Capture and Utiliza-
tion (CCU)-specific LCA guidance is provided by von der Assen
et al.39,40 In the following, we discuss the goal and scope of the
LCA of the OME1-blend.

Goal

In the environmental assessment of the OME1-blend, we
pursue two goals: the primary goal is to determine the potential
reduction of environmental impacts by OME1-blends compared
to fossil diesel fuel. The secondary goal is to compare the
conventional OME1 production process based on methanol
and formaldehyde (FA-route)28,30,31 to a novel production route
in which OME1 is catalytically formed from methanol and
CO2 and H2 directly (direct-route).33 In the overall analysis of
both processes, methanol is assumed to be produced from
CO2 and H2. In the FA route, a part of the methanol has to
be oxidized to formaldehyde in an additional process unit,
followed by the condensation step to yield OME1. In the direct
route, the central CH2-unit of OME1 is formed reductively from
CO2/H2 in the presence of methanol. Thus, the direct route is
‘‘direct’’ in the sense that it avoids the additional oxidative
conversion step from methanol to formaldehyde.

System boundaries

Compared to fossil diesel, OME1-blends are produced via
different production pathways and show a different emission
profile during combustion. Consequently, the comparative
environmental assessment of OME1-blends and fossil diesel
needs to include both the production of the fuel and its use in

the engine. The chosen system boundaries thus encompass the
so-called cradle-to-grave approach covering all stages of the life
cycle. The construction of the vehicle is not considered since
the OME1-blends are used as drop-in fuels in current vehicles
and engine systems. Thus, the construction of the vehicle is
assumed equal for both fuels.

To compare alternative OME1 production routes, the com-
bustion of the OME1-blend within the engine can be neglected,
because OME1 produced via the alternative production routes is
chemically identical. Therefore, no differences in environmental
impacts during combustion occur. Consequently, to compare the
alternative OME1 production routes, we follow a cradle-to-gate
approach covering only the production stages of OME1. Since
electricity is the major input for fuel production, we vary the
electricity sources to study the potential impacts.

Functional unit

In LCA, products are compared based on a so-called functional
unit, which quantifies the function of the investigated product
systems and serves as a basis for comparison. To compare
the environmental impacts of OME1-blends to fossil diesel, we
use the functional unit ‘‘1 km driving a passenger vehicle’’.
Hence, this functional unit captures the ultimate purpose: the
provision of transportation.

For the ease of interpretation, the alternative OME1 production
routes are compared to each other based on the functional unit
‘‘1 kg OME1’’ since the rest of the life cycle would be identical such
that cradle-to-gate boundaries suffice. This functional unit thus
analyzes how to best produce OME1 – and is independent from
its potential use as a fuel or e.g. as a chemical.

Environmental indicators

The main motivation of using OME fuels is the reduction
of environmental impacts and emissions. Our assessment
therefore focuses on the following environmental indicators:
(i) the environmental impact category global warming (GW),
(ii) emissions of NOx, (iii) emissions of soot, and (iv) the
cumulative energy demand (CED), which specifies the cumulated
amount of both primary fossil and renewable energy used. GW
and fossil CED capture issues of major global concern: climate
change and the depletion of fossil resources. The GW impact is

Scheme 1

Scheme 2
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determined according to IPCC following the Recommendations
for Life Cycle Impact Assessment by the European Commission.41

The environmental indicator CED is calculated based on
Fischknecht et al.42 Emissions of NOx and soot are important
local emissions of current combustion engines which are
therefore subject to increasingly stringent regulations. NOx
and soot emissions due to combustion are determined directly
from our experiments and the subsequent cycle simulations.

Exergy analysis

To obtain a deeper insight into the fundamental differences
between the conventional FA route and the novel direct route to
OME1, we further conduct an exergy analysis for the produc-
tion. Exergy measures the maximum work that can be produced
and is a thermodynamically consistent way to compare
different forms of energy such as heat, electricity and chemical
energy (for details see the ESI,† Section S1 and Table S5). The
exergy efficiency of a process route represents the share of
exergy inputs that is incorporated into the fuel, and can be
determined here by the following equation

Zex ¼
_mOME1

eOME1P
_Wi þ

P
_EQi
þ _mH2

eH2
þ _mCO2

eCO2

; (1)

where :
mOME1

, :mH2
, and :

mCO2
represent the mass flows of OME1,

H2 and CO2, respectively. eOME1
, eH2

, and eCO2
are the specific

exergies of OME1, H2 and CO2.
:

Wi and
:
EQi

denote the electricity
demand and exergy of the heat demand, respectively (for details
on the calculations, see the ESI,† Section S1).

Determination of environmental impact reductions

The environmental impact reductions due to the substitution
of fossil diesel through OME1-blends are calculated for each
environmental indicator EI:

EIreduction = EIdiesel � EIblend, (2)

where EIdiesel and EIblend represent the environmental indicator
result for fossil diesel and for the OME1-blend, respectively.

The resulting environmental impact reductions, however,
refer to the entire blend (OME1 and fossil diesel), and thus do
not isolate the contribution of OME1 as a blending component.
To determine this contribution, we further introduce the blend-
ing effectiveness factor (BEF):

BEF¼ EIreduction

EIdieselwdieselreplaced

¼ % of environmental impacts reduced

% of diesel replaced
: (3)

This factor quantifies the percentage of environmental impact
reduction compared to the mass percentage wdieselreplaced

of
replaced diesel. An interpretation of the blending effectiveness
factor BEF is given in Table 1.

3 Life cycle and life cycle inventory for
the OME1-blends

In the life cycle inventory phase, mass and energy contents are
collected and analyzed for all flows entering and leaving the

life-cycle of the OME1-blend and of the reference process based on
fossil diesel. The production phase is discussed in the following
Section 3.1. First, the two alternative production processes are
described. Subsequently, scenarios for the supply of all inputs
are specified. In Section 3.2, the combustion of OME1-blends
in the engine is analyzed. Fig. 1 provides an overview of the
individual life cycle stages of the OME1-blend.

3.1 OME1 production

For the production process of OME1, we consider two alternative
OME1 synthesis pathways: the conventional production via the
condensation of methanol and formaldehyde30,31 and a new
catalytic transformation allowing the direct synthesis of OME1
from methanol, CO2 and H2.32,33

FA route. In the FA route, OME1 is formed in an acid-catalyzed
reaction of methanol and formaldehyde (cf. Fig. 1).30 Methanol is
produced based on CO2 and H2, and formaldehyde is synthe-
sized from CO2-based methanol through a process based on
combined dehydrogenation and partial oxidation over a silver
catalyst (see Section S1 in the ESI†). The hydrogen formed from
the dehydrogenation is burned to generate additional heat for
reuse in the OME1 production step. Thus, the cumulative
material and energy flows are similar to the integrated partial
oxidation of the so-called Formox process, which is therefore not
treated separately. These two processes represent the most
widely applied technology for formaldehyde production allowing
for a rapid integration into existing value chains. The data
collection for the FA route has been carried out based on
literature sources30,31,43–45 for the formation of methanol,
formaldehyde, and OME1. These separate production steps have
been combined through mass balances and heat integration.
Heat integration assumes that all process steps are carried out at
the same site. The resulting overall life cycle inventory data for
this route is summarized in Table 2. Details on the underlying
processes can be found in the ESI,† Section S1.

Direct route. In the direct route, OME1 is directly produced from
methanol, CO2, and H2 (cf. Fig. 1). Thereby, the formaldehyde-
unit is generated by catalytic reduction of carbon dioxide
with hydrogen and directly trapped with methanol in a one-
reactor system.32,33 Thus, the need for the oxidative step of

Table 1 The interpretation of the blending effectiveness factor (BEF),
eqn (3)

BEF Regime Effect of the blending component

BEF o 0 Harmful
blending

Blend worse than pure diesel

0 o BEF o 1 Blending
regime

Blending component reduces overall
impacts but adds some impacts
of its own

BEF = 1 Ideal
blending

Blending component reduces overall
impact proportional to the amount
of diesel replaced, i.e., blending
component does not add any
own impacts

BEF 4 1 Synergistic
blending

Blending component acts synergistically:
it does not only avoid any own
impacts but reduces diesel impact
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formaldehyde formation is eliminated. This reduces the overall
hydrogen consumption. The demand for feedstock supply of
CO2 is also reduced compared to the FA route since less CO2 is
lost by direct emissions in the process. Since the feasibility
of the direct route has only recently been demonstrated
experimentally,32,33 a detailed process design is not yet avail-
able. We therefore conduct a simplified analysis to estimate the
demand of reactants, work, and heat. Even though a detailed
economic evaluation is beyond the scope of the present
work, we expect the direct route to be economically beneficial
compared to the FA route. The direct route requires one reactor
less and possibly also less heat exchangers and separation
equipment, while the size of the methanol plant can be reduced
simultaneously. Furthermore, the direct route consumes less
renewable hydrogen, which is typically the major cost driver in
power-to-fuel applications.45

In this simplified analysis, the mass balance of the direct
OME1 production from methanol, CO2 and H2 is assumed
to correspond to the reaction stoichiometry. Therefore, the
assumed mass flows represent a best-case scenario for the
direct route. Based on this assumption, the overall yield of
OME1 with respect to CO2 increases to 98% compared to 92% in
the FA route, since losses due to oxidation in formaldehyde
production are eliminated. For product separation, the energy
demand has been assessed based on the phase diagrams of the
mixtures involved, as well as on calculations using pinch-based
process models.46 These assessments have shown that no
additional azeotropes exist beside the ones occurring in the
FA process for OME1 production. Such azeotropes would
increase the heat demand significantly. The pinch-based pro-
cess models determine similar minimal heat demands for the
FA route and the direct route (for all details see the ESI,†
Section S1). We therefore assume the same heat demand for

separation for both routes and use the value from the FA route.
A more rigorous analysis is required once detailed process
concepts have been developed. The overall heat demand of
the direct route, however, is higher since less waste heat is
available within the process chain for use in OME1 production
because of the absence of the FA production process. In contrast
to the FA route, H2 is pressurized from the pressure level at
which it is provided at 75 bar to 80 bar in the direct route. For the
electricity demand of the direct route, we therefore assume the
amount of electricity needed for pressurization in addition to
the amount of electricity consumed in the FA route. This
calculation is conservative since the reactor pressure has not
been optimized for the direct route yet, and it can be expected
that improved catalysts and reactor concepts will allow for the
use of lower pressures in an actual process. Overall, the
sensitivity to the pressure increase for the direct route is low.
Life cycle inventory data for the production of OME1 via the
direct route is also summarized in Table 2. A more detailed
description of the technical characteristics of the direct route is
provided in the ESI,† Section S1.

Fig. 1 The flowchart of the OME1-blend life cycle is shown for the direct and the FA synthesis pathway. The rounded boxes present the input flows. The
input CO2 is obtained from recycling as described in the text. The rectangular boxes show the single process steps. The solid lines apply to both
production routes. The dashed orange lines correspond to the direct route. The dotted purple lines belong to the FA route. The green lines represent the
power supply, while the red lines show the heat supply.

Table 2 Life cycle inventory data for the formaldehyde (FA) route and the
direct route for the production of OME1 from H2 and CO2 via methanol.
Negative values denote outputs, while positive values are inputs

Flow FA route Direct route

Masses [kg kgOME1
�1]

Feedstock H2 +0.26 +0.22
Feedstock CO2 +1.89 +1.77
Product OME1 �1.00 �1.00
Direct CO2 emissions �0.15 �0.034

Energies [MJ kgOME1
�1]

Electricity +0.42 +0.23
Heat at 385 K +4.56 +7.64
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Supply of H2, CO2, and utilities. For the supply of H2, we
consider a polymer electrolyte membrane (PEM) electrolysis at
75 bar with an electricity demand of 52 kW h per kg H2

47

corresponding to a future unit. Today, a state of the art PEM cell
requires 55 kW h per kg H2 at atmospheric pressure. PEM
electrolysis at higher pressure stages offers the possibility of
delivering directly compressed H2, which is energetically favor-
able if compressed H2 is needed at the following process steps.
The life cycle inventory data for the production of the electro-
lyzer are based on data from the LCA database Ecoinvent.48

These data refer to PEM stacks with an electric output of 2 kW.
Furthermore, we assume a life time of 15 years (80 000 h
operation).48 PEM electrolysis is beneficial for the integration
of renewable electricity, because it allows dynamic operation
using fluctuating electricity supplies such as wind electricity.49–51

Details of the considered electrolyzer are summarized in
Table S6 in the ESI.†

For the CO2 supply, we consider two alternative sources: a
biogas plant and direct air capture (DAC). The environmental
impacts of both CO2 sources are determined using a compara-
tive LCA approach: we compare the scenario without CO2

capture to the scenario in which CO2 capture is installed.15

In the biogas plant, CO2 is co-produced with concentrations
of about 25–55% in methane.52 If methane is fed into the
natural gas grid, the CO2 needs to be separated in any case.
Therefore, the environmental impact for the separation process
is attributed to methane. If CO2 is not utilized as fuel, it is
completely emitted to the atmosphere. Consequently, CO2

capture avoids CO2 emissions at the biogas plant without
additional emissions for capture. Thus, such a biogas plant
corresponds to an ideal CO2 source.15

In the case of the DAC system, CO2 is captured from ambient air
with a concentration of about 400 ppm. Due to the low concen-
tration of CO2, more energy is required to separate the CO2. In the
case of the DAC system, the environmental impact of the separa-
tion process is ascribed to the captured CO2, because only CO2 is
produced. Consequently, DAC represents the upper bound for
emissions due to CO2 supply, whereas the biogas plant specifies
the lower bound. However, despite the higher energy demand, it is
important to note that DAC allows a decentralized CO2 supply,
which can be environmentally beneficial in the case of very long
transportation distances to a higher concentrated CO2 source.15

Such considerations are not further addressed in this work.
For both CO2 sources, energy is also required for the

compression of CO2 to 100 bar for transportation. The supply
of this energy causes environmental impacts15 which are also
taken into account.

For electricity supply, we consider the current electricity from
wind power in the European Union as the lower bound for the
GW impact, and the expected European grid mix in 2020 as the
upper bound. In addition, various country-specific grid mixes
and a forecasted European grid mix for 2050 are considered in a
sensitivity analysis. The European grid mixes for 2020 and 2050
are based on a forecast by the European Commission.53

For the heat supply, we consider an electric heater and a
natural gas boiler.54

Considering the choices between alternative technologies
for the supply of the inputs CO2, electricity, and heat, we define
a best- and a worst-case scenario in terms of GW impact. In the
best-case scenario, each input is produced by the technology
with the lowest GW impact, while the worst-case scenario
leads to the highest environmental impact. Both scenarios are
specified in Table 3.

In the best-case scenario, electricity is provided by wind
power, which is an intermittent electricity source. To enable
steady-state operation of the OME1 production process, H2- and
electricity storage are required. For both scenarios, we simply
assume 8000 full load hours annually. Thus, no storage is
required for H2 and electricity. Thereby, we can avoid the many
assumptions required to specify storage and provide a best-case
estimate. This estimate is tested in the sensitivity study, where
we assume 2500 full load hours per year for the part-load
operation51 and include a pressure hydrogen storage to cover
one week without intermittent renewable energies. For the
construction of the H2 storage, we only consider the steel
demand according to Mori et al.55 Due to the lack of data, we
neglect the energy demand to produce the storage unit and the
procurement of additional materials or equipment e.g. pumps,
compressors, pipes etc. For electricity storage, we assume a
lithium-ion battery with a life time of 6000 cycles56 and an
energy density of 120 W h kg�1.57 The life cycle inventory of the
lithium ion battery production is based on measurements and
is taken from LCA database Ecoinvent.47 The battery pack
includes 14 single cells and provides an electric power of
2.1 kW h.47 For the anode and the cathode material, lithiated
graphite (LiC6) and lithium manganese dioxide (LiMn2O4) are
used.47 Details of the H2 storage and the lithium ion battery are
specified in Table S6 of the ESI,† Section S1.

The LCA data sources for all considered processes are
summarized in Table S7 of the ESI,† Section S1.

Diesel. For the production of fossil diesel, we assume a
European market mix for diesel based on the LCA database
Thinkstep.54 The market mix covers the entire supply chain
from extraction over transportation and the refinery to the gas

Table 3 The scenarios for the supply of CO2, electricity and heat

CO2 Electricity Heat Storage

Best-case
Biogas Electricity from

wind power in
the European
Union54

Electric
heater54

—

Worst-case
Direct air
capture15

European grid
mix 202054

Thermal
energy from
natural gas54

—

Sensitivity
study

European grid
mix 205054

H2 storage

Grid mixes
of European
countries today54

Lithium
ion battery
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station. The market mix includes conventional and unconven-
tional production technologies from all delivering countries
and country-specific crude oil mixes. For crude oil processing,
country-specific technologies and supply chains are used. The
share of biogenic components is 7.23 mass%. For the combus-
tion experiments, we use conventional diesel from a filling
station in accordance with EN950.

3.2 OME1-blend combustion

The use phase of OME1 consists of two steps: the blending with
fossil diesel and the combustion of the blend in the engine.
For blending, some of the authors recently examined several
compositions of OME1-blends with regard to emissions and
combustion characteristics.58 A favorable compromise between
emission reduction and the deterioration of fuel properties like
Cetane number and heating value has been found for the
composition of 35/65 vol% OME1/fossil diesel fuel blend, which
is used for the experiments described in the following.

To characterize the engine-related raw emissions of the
OME1-blend, we conduct engine tests with a single cylinder
engine using a global Design of Experiments (DOE) approach.
In these tests, the speed and load range is varied to cover the
complete Worldwide Harmonized Light Vehicles Test Proce-
dure (WLTP) cycle. The WLTP is an upcoming procedure for
vehicle certifications and has been designed to capture real-
world driving scenarios and thus also real-world emissions
better than the New European Driving Cycle (NEDC). The WLTP
will replace the NEDC in Europe in September 2017. Specifica-
tions of the single cylinder research engine used for the DOE
investigation are given in Table S8 in the ESI,† Section S2.
Specifications of the emission measurement equipment are
summarized in Table S9 and the calibration parameters varied
in the DOE are given in Table S10 in the ESI,† Section S2. For
each fuel, the DOE measurement campaign covered 40 load
points and an average of 5 variations of calibration parameters
per load point. Thus, 200 points where available for the sub-
sequent creation of DOE-models.

From the measured data, global DOE models are created
using the ETAS ASCMO software.59 The software uses a multiple
Gaussian regression analysis procedure to fit the measured data
(emissions, fuel consumption, etc.) to a corresponding model.
The input parameters are all varied engine calibration para-
meters as listed in Table S9 in Section 2 of the ESI.† With the
generated models, the ETAS ACMO optimizer tool was used to
obtain an optimal set of calibration maps for predefined settings.
An optimal trade-off between emissions, low fuel consumption
and combustion sound level were set as optimization goals.

Then, with the optimized engine calibration, emission
maps were created from the DOE-models. These maps were
subsequently used to simulate the cumulative raw emissions
for the WLTP cycle. The resulting raw emissions represent the
exhaust gas from the engine before any potential exhaust gas
aftertreatment system. For the engine calibration, 3 scenarios
were considered:
� Diesel with a calibration adapted according to the listed

optimization criteria (diesel baseline)

� 35 vol% OME1-blend with an engine calibration equal to
diesel, with EGR adapted to meet NOx levels equal to diesel
(NOx eq. to diesel)
� 35 vol% OME1-blend with a calibration optimized for low

emissions (optimized)
The cycle simulation assumed a D-segment passenger

car (mid-size vehicle) with a representative road-load curve.
Influences of thermal and transient effects (i.e. coolant heat-up
and turbocharger response times) where not regarded in
the simulation. For upcoming vehicle technologies, these
effects may cause increased emissions by up to 5%. However,
capturing these phenomena accurately does not justify the
large additional effort needed on the test bench and thus was
not performed in this work. The settings for the cycle simula-
tion and the exhaust aftertreatment system are summarized in
Table S10 in the ESI,† Section S2.

To determine the tailpipe emissions of a vehicle, the exhaust
gas aftertreatment needs to be taken into account. For the
exhaust aftertreatment system, several strategies are available.
The diesel oxidation catalyst (DOC) oxidizes carbon monoxide
(CO) and hydrocarbons (HC) to CO2 and water.60 Selective
catalytic reduction (SCR) reduces the NOx emissions by reduction
with ammonia to diatomic nitrogen.60 Furthermore, diesel
vehicles mostly use a diesel particulate filter (DPF) to reduce
the soot emissions produced during the diffusive combustion
of diesel fuel.60 Nevertheless, in our further assessment, we
report the cumulative raw emissions since they can be directly
compared without considering the design and configuration of
the exhaust gas aftertreatment system. Still, we also estimate
the emission after the exhaust gas aftertreatment system below.

4 Environmental impacts of
OME1-blends

Based on the life-cycle inventory data collected in Section 3, the life
cycle impact assessment (LCIA) can be performed and the result
can be interpreted as the final phase of the LCA study. Life cycle
impact assessment characterizes all flows entering or leaving the
life cycle of the OME1-blend and the reference process fossil diesel
with regard to their effects on the considered environmental
impact categories. In the following, the results of the environ-
mental assessment are presented and discussed along the OME1

life cycle. In the following Section 4.1, we focus on the production
phase, and compare the environmental impacts of the two
alternative OME1 production routes. In Section 4.2, we continue
with the use phase in the car, and present the emissions due to
the combustion of the OME1-blend over the WLTP cycle. In
Section 4.3, we combine the assessments of the production and
use phase to determine life cycle environmental impacts of the
OME1-blend compared to fossil diesel. A sensitivity analysis is
performed in Section 4.4.

4.1 From cradle-to-gate: production of OME1

Fig. 2 shows the GW impacts of OME1 production based on the
FA and the direct route. The GW impacts are determined for the
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best-case scenario (cf. Table 3) to show the potential lower
bound of emissions due to OME1 production.

Both routes have negative cradle-to-gate emissions for pro-
ducing OME1. This is due to the negative impacts of the CO2

supply which assumes that emissions at the biogas plant are
avoided (cf. Table 3). Negative cradle-to-gate emissions are
required to reach carbon-neutrality over the full life cycle since
CO2 will be released from gate-to-grave in the combustion.

The GW impact results in the studied best-case scenario are
very close and can be considered equal taking into account
uncertainties. The FA route uses more CO2 than the direct route
reducing the GW impact due to the negative impacts of the CO2

supply. In addition, the FA route requires less heat, because of
better opportunities for heat integration with the synthesis
reactions of methanol and formaldehyde (if the sites are
co-located). However, the FA route also has a higher CO2 purge
and a substantially higher H2 demand. Due to the higher
H2 demand, the GW impact of the electrolysis is increased
compared to the direct route. The GW impact of electrolysis
includes the production of the electrolyzer, the provision of
water and the electricity required during operation.

To analyze the thermodynamic efficiency and to find the
bottlenecks of both production routes, an exergy analysis was
conducted. Fig. 3 shows the flows of exergy in both production
routes in a Sankey-Diagram. The width of the flows represents
the amount of exergy of the flow. In the FA route (Fig. 3a), the
formation of formaldehyde causes the largest exergy loss. In
this step, methanol is partly lost to the tail gas of the absorption
column (in the form of H2, CO, and CO2), and burned for steam
generation. This exergy loss can be avoided in the direct route
(Fig. 3b), where the separate oxidative formation of formalde-
hyde is not required. In addition, the direct route consumes
less methanol. The exergy destruction in the FA process is
mainly due to the combustion of the tail gas and heat transfer
over finite temperature gaps. Additional exergy losses occur due

to residual heat in the exhaust gas stream and heat transferred
to cooling water.

The reduced exergy losses in the direct route result in a
higher exegetic efficiency: the direct route has an exegetic
efficiency of 86%, while the FA route achieves an exegetic
efficiency of 74%. The higher efficiency of the direct route
indicates that the direct route is thermodynamically funda-
mentally advantageous and is able to direct more energetic
value from the hydrogen input to the fuel.

4.2 From gate-to-grave: combustion of OME1-blends

The results of the single cylinder engine investigations show
that the combustion of the OME1-blend leads to lower soot
emissions compared to fossil diesel. Fig. 4 illustrates the
relationship between the measured filter smoke number and

Fig. 2 Global warming (GW) impact from cradle-to-gate for the direct
route and the FA route of OME1 for the best-case scenario. The green bars
denote the negative GW impact of the CO2 supply captured from a biogas
plant and thus avoiding emissions. The black, red, blue and cyan bars
represent the positive GW impacts from the production of OME1. The dark
blue arrows represent the resulting total GW impact which is negative for
both production routes.

Fig. 3 Sankey diagram showing exergy flows in (a) the FA and (b) the
direct route.

Fig. 4 Filter smoke number of diesel, 35% OME1-diesel blend and pure
OME1 versus NOx emissions. The data are measured on a single cylinder
engine at a mid-range load point: speed = 2280 min�1 and load = 9.4 bar
indicated mean effective pressure.
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the NOx emissions for diesel, 35% OME1 blended with diesel
and pure OME1. The filter smoke number represents the black-
ness of a piece of filter paper after the exhaust gas flow has been
led through at predefined system settings. The presented data
were measured at a mid-range load point (speed = 2280 min�1

and load = 9.4 bar indicated mean effective pressure) using an
AVL 415s smoke meter, which is the common device used for
soot measurements in diesel engines. Fig. 4 clearly shows that
blending of diesel with 35% OME1 results in a strong reduction
of soot emissions of up to B90% over a wide range of NOx
emission levels. Considering a common upper limit for the
filter smoke number of 0.8, it can be seen from Fig. 4 that the NOx
emissions for fossil diesel can be reduced to 0.4 g kW�1 h�1. For
the OME1-blend, however, a further NOx reduction is possible,
e.g. to 0.2 g kW�1 h�1 while still being far below the diesel filter
smoke number 0.8. Thus, the inherent reduction of soot for-
mation of the OME1-blend enables further reduction of NOx
emissions and avoids the soot-NOx trade-off of fossil diesel.

The improved emission behavior compared to fossil diesel is
due to the fact that OMEs have a high amount of oxygen bound
in the molecule (442% by weight) and no direct molecular
carbon–carbon bonds (CH3–O–(CH2–O)n–CH3), both of which
contribute to a soot-free combustion of pure OME.61 In addition,
the lower boiling temperatures in comparison to diesel may
contribute to an improved mixture formation, thereby further
reducing the regions of oxygen-lack in the fuel spray. When
blended with diesel, OME1 acts as a soot-mitigating agent
keeping the soot emissions of the blend significantly low as
well.25,58 The soot emissions are inherently reduced due to the
molecular structure of OME1, while the NOx emissions remain
similar to fossil diesel combustion.58 However, the extremely low
soot emissions allow the exhaust gas recirculation rate (EGR)
to be increased without a significant soot penalty, thereby
providing the possibility for further NOx reduction.

The data from the single cylinder engine is used to calculate
the cumulative raw emissions of CO2, NOx and soot during the
WLTP cycle for fossil diesel and the OME1-blend (Fig. 5). For the
OME1-blend, two calibrations of the engine are considered as
explained in Section 3.2: one calibration identical to the diesel
baseline, with adaptation of EGR to meet equal NOx emissions
compared to fossil diesel (‘‘NOx eq. to diesel’’) and one calibration
optimized for emissions (‘‘optimized’’). The calibration para-
meters considered in the optimization are given in Table S10 in
Section S2 of the ESI.† The OME1-blend retains the high efficiency
of the diesel fuel and leads to similar tank-to-wheel emissions of
CO2 due to a similar carbon content (less than 0.2% decrease).

At the same time, the OME1-blend has substantially lower soot
emissions in both calibrations. The lowest soot emissions are
achieved for the engine calibration, where the NOx emissions are
equal to fossil diesel (reduction of 93%). In the optimized calibration,
NOx emissions are reduced by about 50%, while the soot emissions
are about 90% lower compared to diesel. The OME1-blend leads to a
substantially cleaner combustion in terms of NOx and soot.

The energy consumption, the cumulated raw emissions
and the tail pipe emissions per km during the WLTP cycle
are summarized in Table S11 in Section S2 in the ESI.†

The OME1-blend retains the high energy efficiency of diesel and
has the same energy consumption of 1.57 MJ km�1. The tailpipe
emissions represent the emissions after the exhaust gas after-
treatment system. For the aftertreatment system, the conversion
efficiency was assumed to remain constant for each fuel.

For the OME1-blend with the optimized engine calibration,
the cumulative NOx raw emission level was found to be lower
than the emission limit (EURO6, o80 mg km�1).62 This
low NOx level could be even reduced by an exhaust gas after-
treatment system (cf. Table S11 in the ESI†). Alternatively,
the NOx aftertreatment system could be simplified or even
eliminated to achieve cost reductions. Nevertheless, this aspect
was not in the focus of this work, but a detailed analysis of
aftertreatment systems for OME fuels seems promising.

4.3 From cradle-to-grave: environmental impacts and
blending effectiveness factor

Fig. 6a compares the LCA results for the OME1-blend produced via
the two production routes for the engine with optimized calibra-
tion to fossil diesel fuel over the entire life cycle. In the GW impact
category, the OME1-blend produced via both production routes
reduces the impact by about 22% compared to fossil diesel. These
GW impact reductions result from the production of OME1 (see
Section 4.1). During combustion, the OME1-blend shows similar
GW impacts as fossil diesel fuel (Section 4.2).

For NOx and soot emissions, in contrast, the combustion phase
is most important. During combustion, OME1-blends have shown
substantially lower NOx and soot emissions than fossil diesel
(Section 4.2). Over the entire life cycle, OME1-blends have about
43% and 75% lower emissions of NOx and soot, respectively.

The fossil CED shows a very similar trend as the GW
impacts: OME1-blends reduce the fossil CED by about 22% in
the best-case scenario. However, the demand of renewable CED
increases for the OME1-blend by factors of 19 and 22 for the
direct and the FA route, respectively. A detailed discussion of the

Fig. 5 Cumulative emissions of CO2, NOx and soot simulated over the
Worldwide Harmonized Light Vehicles Test Procedures (WLTP) cycle. For
the OME1-blend, two calibrations of the engine were used: the conven-
tional diesel calibration (NOx eq. to diesel) and a variant optimized for low
emissions, fuel consumption and combustion noise level (optimized).
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CED results is provided in the ESI,† Section S3 (Fig. S3). Overall,
the combined fossil and renewable CED increases almost by a
factor of 1.9 showing that a transition to synthetic fuels would
require an expansion of the electricity sector to provide addi-
tional input for the transportation sector. In such a scenario, the
production of synthetic fuels based on renewable energies,
however, will compete with other power-to-X technologies.12

The contribution of OME1 as a blending component can
further be analyzed based on the blending effectiveness factor
(BEF) introduced in Section 2 (see Fig. 6b). In the 35 vol%
OME1-blend, 24 mass% diesel fuel mass is replaced by OME1.
This reduces the GW impact by 22% leading to a blending
efficiency of BEFGW = 22/24 = 0.93. Hence, OME1 is close to an
ideal blending component (BEF = 1), which would introduce no
environmental impacts of its own and only reduce the overall
GW impact of fossil diesel fuel. The BEFGW = 0.93 results from
the substitution of fossil diesel by CO2-based OME1, which still
adds some greenhouse gas emissions from the production and
combustion of OME1.

For NOx and soot emission reductions, the blending effec-
tiveness factor BEFs are 1.8 and 3.2, respectively. Thus, repla-
cing 24 mass% of diesel fuel by OME1 reduces NOx emissions
by 1.8 � 24% = 43%, and soot emissions even by 3.2 � 24% =
75%. As aforementioned, a BEF higher than 1 indicates that
OME1 reduces impacts stronger than due to simple substitu-
tion of an equivalent amount of fossil diesel fuel. In other
words, OME1 acts synergistically where a small amount has a
beneficial effect that is larger than its share in the mixture. The
reported BEFs are based on the studied OME1-blend with
35 vol% of OME1 and cannot simply be extrapolated due to
nonlinear mixing behavior. For this purpose, further experi-
ments are required but it is already apparent that OME fuels
would significantly lower local emissions from combustion.

4.4 Sensitivity on OME1 production scenarios

The LCA results presented in the previous sections were deter-
mined for the best-case scenario in terms of the GW impact
(cf. Table 3). Consequently, these results represent the lower
bound of the GW impact. In reality, however, the same inputs
may be produced by other technologies resulting in a higher
GW impact. To determine the potential range of the GW impact
of the OME1-blend, Fig. 7 shows the LCA results over the entire
life cycle for both the best- and the worst-case scenario given
in Table 3.

The GW impact of the OME1-blend strongly depends on the
supply chains. In the worst-case scenario, the GW impact is
about twice as high as in the best-case scenario. Therefore, in
the worst-case, the OME1-blend is worse than fossil diesel fuel,
and increases the GW impact by 31% and 33% for the blend
produced by the direct and the FA route, respectively.

The major difference in GW impact is caused by the choice
of electricity used for electrolysis to produce H2. If electricity
from the European grid as expected in 2020 is used, the GW
impact of the H2 supply is about a factor 38 higher than for
electricity from wind.

Furthermore, the source for CO2 influences the GW impact.
If CO2 is obtained from DAC, the GW impact of the OME1-blend
is higher than for CO2 from a biogas plant due to the increased
energy demand for the CO2 separation. Still, the OME1-blend
would reduce the GW impact compared to fossil diesel fuel if
CO2 from air capture and wind electricity were employed. The
heat supply also increases the GW impact of OME1-blends if
heat is produced from natural gas instead of wind power. The
effect of the heat supply on the GW impact is larger for the
direct route, because of the higher heat demand.

The potential range of the NOx emissions for the OME1-
blend is illustrated over the entire life cycle in Fig. S4 in the
ESI,† Section S4. In the best-case scenario, OME1-blends from
both production routes reduce the NOx emissions, whereby the
major impact results from the combustion and the supply of
fossil diesel for blending. In the worst case-scenario, the OME1-
blend cannot compete with fossil diesel, and increases the NOx
emissions by about 14% and 22% for the direct and the FA
route, respectively. The electricity supply for electrolysis induces
the highest impact of the NOx emissions.

Fig. 6 (a) Cradle-to-grave analysis LCA results of the OME1-blend with
the optimized calibration and fossil diesel fuel for the best-case scenario.
(b) Blending effectiveness factor (BEF) (eqn (3)) of the OME1-blend for the
global warming (GW) impact, and the emissions of NOx and soot for the
best-case case scenario and the optimized engine calibration.
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The spectrum of potential soot emissions of the OME1-blend
can be found in Fig. S5 in the ESI,† Section S4. In contrast to the
GW impacts and NOx emissions, the soot emissions are
reduced in both the best-case and the worse-case scenario
compared to fossil diesel. Even in the worst-case scenario, the
soot emissions can be reduced by 43% and 36% for the direct
and the FA blend. The electricity supply causes the major part
of the soot emissions in the worst-case scenario.

Since the electricity source for electrolysis represents the
most crucial factor for the GW impact and the emissions of
NOx and soot, the effect of different electricity sources for the
OME1-blend (per km driven) is further illustrated for the GW
impact in Fig. 8.

The GW impact of the OME1-blend depends linearly on the
GW impact of the electricity source. The dependence is stronger
for the FA route than for the direct route due to the higher H2

demand, which leads to a higher electricity demand. In Fig. 8,
the crossings of the blue and red line with the black line
represent the break-even points for GW impact reductions by
the OME1-blend. At these break-even points, the GW impact of
the OME1-blend is equal to the GW impact of the diesel fuel.
The corresponding GW impact of the electricity supply specifies
the maximum GW impact for which the OME1-blend is still
beneficial compared to diesel. For the FA route, the break-even
point is 124 g CO2 equiv. per kW h; for the direct route, it is
136 g CO2 equiv. per kW h.

The results show that already today, it is possible to produce
OME1-blends with a lower GW impact than fossil diesel consider-
ing the grid electricity mix of various countries such as France,
Sweden, Norway, and Iceland. The average European grid mix,
however, is unlikely to deliver electricity with a sufficiently low GW
impact even in the year 2050. Therefore, also in the future, it will be
crucial to locate the OME production in places with an electricity
mix with sufficiently large shares of renewable energy.

The influence of the different electricity sources on the
NOx emissions is illustrated in Fig. S6 in the ESI,† Section S4.
The correlation is similar to the one in Fig. 8, but the break-
even points are reached such that electricity with higher
impacts would still lead to an overall reduction. In this case,

reductions of NOx emissions can be achieved with the electri-
city mixes of Switzerland, France, Sweden, Norway, Iceland and
the European wind electricity mix. The direct route also obtains
reductions in NOx emissions with the European electricity grid
mix 2050. For the soot emissions, the effect of the electricity
mix is shown in Fig. S7 in the ESI,† Section S4. Due to the
substantial reduction of soot emissions during combustion,
reductions can be achieved with all considered electricity mixes.

These findings regarding the potential benefits of using grid
electricity provide partial justification for the assumption of
steady-state operation for the electrolysis in the previous section.
Still, for the use of wind energy, storage would be required.
Therefore, we conduct a sensitivity analysis for storage of H2 and
electricity to evaluate the influence of the storage system. The
results are illustrated in Fig. S8 in the ESI,† Section S5 for the

Fig. 7 Cradle-to-grave analysis of the global warming (GW) impact of the OME1-blend and fossil diesel fuel for the best- and the worst-case scenario
specified in Table 3.

Fig. 8 Sensitivity analysis of the cradle-to-grave global warming (GW)
impact of the OME1-blend and diesel fuel as a function of the GW impact
of the electricity supply. The dashed vertical lines represent the GW impact
of various national electricity grid mixes and a forecast average grid mix for
Europe in 2050. CO2 is supplied from a biogas plant.
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GW impact and the emissions of NOx and soot. For both the GW
impact and the NOx emissions, the increase is lower than 1%.
For soot emissions, the increase is lower than 3%.

5 Conclusions

Oxymethylene ethers (OMEs) are a promising class of CO2-based
fuels. Our comparative Life Cycle Assessment (LCA) of OME1-blends
and fossil diesel shows that OME1-blends have the potential to
substantially reduce environmental impacts from cradle-to-grave.
To our knowledge, this LCA represents the first comprehensive
environmental assessment of OME fuels in the public literature.

For our best-case scenario, the performance of OME1 is even
close to an ideal blending component, and reduces both global
warming impacts and fossil depletion almost proportional
to the amount of diesel fuel replaced. These environmental
benefits depend strongly on the supply processes for the inputs
to the OME1 production process. Most importantly, benefits
compared to diesel fuel can only be achieved if the electricity
used for electrolysis is obtained from sources with a low GW
impact and fossil cumulated energy demand (CED) since the
OME1-blend almost doubles the total CED. Suitable electricity
sources include renewable energies and grid mixes with a large
share of renewable or nuclear electricity. Such electricity
grid mixes are available already today, e.g., in Scandinavian
countries. OME1-blends would thus enable the integration of
renewable energy into the existing transportation sector.

Emissions of NOx and soot are even reduced more strongly
by the OME1-blends. For these emissions, OME1 acts synergis-
tically: it reduces impacts beyond the emissions caused by the
amount of diesel fuel replaced. This finding highlights the
potential to design synthetic fuels which reduce harmful emis-
sions from internal combustion engines.

For the production of OME1, the formation of OME1 from
CO2-based methanol and hydrogen (H2) via formaldehyde has
practically the same environmental impacts as the novel direct
synthesis of OME1 from methanol, H2 and CO2. However, due to a
lower hydrogen demand, the direct route is less sensitive to the
electricity sources employed. Fundamentally, the direct route has a
higher exergetic efficiency indicating its thermodynamic advantage.
Furthermore, the direct route requires only one reactor and possibly
less heat exchangers and separation equipment, while the size of the
methanol plant also could be reduced. These advantages indicate
that more direct transformation pathways have the potential to
improve overall efficiency. OME1-blends could be an environmen-
tally beneficial alternative to fossil diesel fuel. Their potential as a
drop-in fuel candidate should be further explored e.g. by analyzing
their impact on the distribution infrastructure. Linked to the transi-
tion towards renewable energy, OME1-blends would allow the
negative impacts of transportation on both human health and the
environment to be reduced.
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