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Abstract

With ever growing concerns on environmental pollution, energy security, and future oil supplies, the global community is seeking non-
petroleum based alternative fuels, along with more advanced energy technologies (e.g., fuel cells) to increase the efficiency of energy use.
The most promising alternative fuel will be the fuel that has the greatest impact on society. The major impact areas include well-to-wheel
greenhouse gas emissions, non-petroleum feed stocks, well-to-wheel efficiencies, fuel versatility, infrastructure, availability, economics, and
safety. Compared to some of the other leading alternative fuel candidates (i.e., methane, methanol, ethanol, and Fischer—Tropsch fuels),
dimethyl ether appears to have the largest potential impact on society, and should be considered as the fuel of choice for eliminating the
dependency on petroleum.

DME can be used as a clean high-efficiency compression ignition fuel with reduced NO,, SO,, and particulate matter, it can be efficiently
reformed to hydrogen at low temperatures, and does not have large issues with toxicity, production, infrastructure, and transportation as do
various other fuels. The literature relevant to DME use is reviewed and summarized to demonstrate the viability of DME as an alternative
fuel.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

- At the turn of the 19th century, petroleum was plentiful,
Abbreviations: Bio, biomass; CGH2, compressed gaseous hydrogen; and the US built its society around this fuel. Petroleum was
CI, compression ignition; CIDI, compression ignition direct injection; CNG, the fuel that supplied much of the energy needs of our society

compressed natural gas; CP, central processing plant; DI, direct injection; . - . . .
DME, dimethyl ether: Eq, equivalent; EtOH, ethanol: EU, European Union: and the industrial revolution. It is estimated that the world has

FC, fuel cell; FPFC, fuel processor fuel cell; FRFG2, federal phase 2 peaked in petroleum production, and world petroleum con-
reformulated gasoline; FT, Fischer—Tropsch; FTD, Fischer—Tropsch diesel; Sumption has OlltPaCCd new-found reserves. A century later,
FTN, Fischer-Tropsch naptha; GV, gasoline vehicle; HEV, hybrid electric our generation is faced with reverse engineering a society
vehicle; HTD, hydro deoxygenation/hydrothermal upgrading; ICE, internal based on petroleum to a new society based on an alternative

combustion engine; LH2, liquefied hydrogen; LHV, lower heating value;
LNG, liquefied natural gas; LPG, liquefied petroleum gas; M90, 90%
methanol-10% water; MeOH, methanol; MTA, automatic transmission; NG,

fuel that will maintain economic, political, and environmen-
tal security for future generations.

natural gas; Petrol, petroleum; PP, poplar plantation; RFD, reformulated In 1997, the US transportation sector consumed
diesel (S < 10 ppm); RFG, reformulated gasoline (S < 10 ppm); RS, residual 13 million barrels day~! (accounting for 66% of the US
straw; RWB, residual woody biomass; S, sulfur; SB, sugar beets; SI, spark petroleum Consumption) and is forecasted to reach

ignited; SIDI, spark ignited direct injection; 35VT, compressed hydrogen 11s —1 . )
delivered 1o & 35 MPa vehicle tank 21 million barrelsday™" by 2025 [1]. As developing coun
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China, the vehicle population was 16.56 million in 2000, and
is forecasted to reach 65.38 million by 2010.

A means of reducing or eliminating the dependency on
petroleum is to use fuels derived from natural gas, biomass,
or coal. For this reason, methanol, ethanol, Fischer—Tropsch
fuels, biodiesel and biogasoline are being researched as alter-
native fuels. Whatever fuel is to replace petroleum, it must
address the following criteria:

e Availability

o Are there production facilities? What are their capaci-
ties?

o Is there a pre-existing infrastructure?

o What natural resource is used as the raw material?

- fossil fuels (natural gas, coal);
- renewable (timber, switchgrass, corn, sugar beets,
etc.).
e Economics

o What are the fuel production and fuel distribution costs?

o What are the costs of constructing new production facil-
ities?

o What is the cost of the raw material used for fuel pro-
duction?

o What are the costs of retrofitting old equipment to pro-
cess the new fuel (if possible) or to replace them with
new technology?

e Acceptability

o Is the new generation fuel inherently safe in handling
and refueling?

o Are there inherent health risks to humans or animal life?

e Environmental and emissions

o How does the new generation fuel affect global warm-
ing?

o In the event of a large scale release, how does it affect
the environment?

e National security

o Are the raw material(s) readily available and processed

without reliance on foreign materials?

e Technology
o Are there commercially available or emerging technolo-
gies that can process the fuel?
o Are they more efficient?
e Versatility
o Is the new generation fuel versatile in application (e.g.,
can the fuel be used as a residential fuel for heating and
cooking, as a transportation fuel, as a power generation
fuel, as a fuel that can produce hydrogen-rich fuel-cell
feeds)?
o Can the new generation fuel be manufactured using
various feedstocks (e.g., coal, natural gas, and
biomass)?

This report details dimethyl ether as an alternative fuel that
could potentially replace petroleum-based fuels. Dimethyl
ether is compared to the leading alternative fuel candidates;
namely, hydrogen, methane, methanol, ethanol, biofuels,
and Fischer-Tropsch fuels. As a benchmark, comparison
is also made to conventional diesel and gasoline. A list of
acronyms and abbreviations used in the text appear under
‘Abbreviations’.

2. Properties of fuels
2.1. Physical and thermo-physical properties

Dimethyl ether is the simplest ether, with a chemical for-
mula of CH3OCH3. The physical properties of dimethyl ether
are similar to those of liquefied petroleum gases (i.e., propane
and butane). Dimethyl ether burns with a visible blue flame
and is non-peroxide forming in the pure state or in aerosol
formulations.

Unlike methane, dimethyl ether does not require an odor-
ant because it has a sweet ether-like odor. The physical
properties of dimethyl ether compared to the other fuels are
detailed in Table 1. Values for conventional gasoline and

Table 1
Comparison of dimethyl ether’s physical and thermo-physical properties to commonly used fuels

Methane Methanol Dimethyl ether Ethanol Gasoline Diesel
Formula CHy CH3;OH CH3OCHj3 CH3;CH,OH C7Hi6 Ci4H30
Molecular weight (g mol~!) 16.04 32.04 46.07 46.07 100.2 198.4
Density (gcm™3) 0.00072% 0.792 0.661° 0.785 0.737 0.856
Normal boiling point® (°C) —162 64 —249 78 38-204 125-400
LHVY (kJem™3) 0.0346° 15.82 18.92 21.09 32.05 35.66
LHV (kTg™1) 47.79 19.99 28.62 26.87 43.47 41.66
Exergy® MJL™1) 0.037 17.8 20.63 23.1 32.84 33.32
Exergy® (MJkg™!) 51.76 22.36 30.75 294 47.46 46.94
Carbon Contentd (wt.%) 74 37.5 52.2 52.2 85.5 87
Sulfur content? (ppm®) ~7-25 0 0 0 ~200 ~250

2 Values per cm?’ of vapor at standard temperature and pressure.
b Density at P=1 atm and 7= —25°C.

¢ Data reproduced from reference [2].

d Data reproduced from reference [1].

¢ Data reproduced from reference [3].

f Mass basis.
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Table 2
Global warming potentials

Time horizon

20 years 100 years 500 years
DME? 12 0.3 0.1
CO,° 1 1 1
CH4® 56 21 6.5
N,OP 280 310 170

# Data reproduced from reference [4].
b Data reproduced from reference [1].

diesel are shown in the table; similar values can be expected
for biogasoline and biodiesel.

2.2. Environmental and health impacts

Volatile organic compounds (VOCs) can be environmen-
tally hazardous; and are often carcinogenic and mutagenic.
Many of the VOCs are ozone-depleting; consequently their
industrial emissions have been restricted by the 1990 Clean
Air Act amendments.

Dimethyl ether is a volatile organic compound, but
is non-carcinogenic, non-teratogenic, non-mutagenic, and
non-toxic. The lifetimes and global warming potential for
dimethyl ether have been modeled by Good et al. [4,5]. Their
results indicate a troposhperic lifetime of dimethyl ether to
be 5.1 days—with global warming potentials of 1.2 (20-year
time horizon), 0.3 (100-year time horizon), and 0.1 (500-year
time horizon). Based on their results, Good et al. conclude
that dimethyl ether is environmentally benign. For compar-
ison, Table 2 lists the global warming potentials of carbon
dioxide, methane, and dinitrogen oxide.

3. DME production and economics
3.1. DME production

Traditionally, dimethyl ether has been produced in a two
step process (a.k.a. the conventional route) where syngas
(typically generated from the steam reforming of methane)
is first converted to methanol—followed by methanol dehy-
dration to dimethyl ether.

Table 3
Price comparison of common fuels

e Methanol synthesis:

CO + 2Hp = CH30H, AH?, = —90.3kJmol~!

Xn

e Methanol dehydration:
2CH30H = CH30CH; + H,0, AHS, =23.4kJmol™!

Xn

e Water—gas shift:
H,O +CO = Hy +COs, AHS. =40.9kImol™!

Xn

e Net reaction:

3H, 4+ 3CO = CH30CH3 + CO»,
AHS = 258.6kImol™!

Xn

Natural gas is not the only resource that can be used
to generate syngas; coal and biomass can also be used.
Hence, dimethyl ether production is not limited to one
feedstock.

New processes are being commercialized to produce
dimethyl ether in a single step via autothermal reactors
[6-8], and slurry phase reactors [9]. Fundamental research
on dimethyl ether synthesis is ongoing [10-25].

3.2. Economics

Price forecasting is a strong function of plant capacity
and raw material costs. NKK Corporation, based on their
DME slurry phase manufacturing scheme, forecasted the
cost of DME as a function of natural gas price, plant scale,
and transportation distance [9,26]. At a natural gas price of
US$ 1.42GJ~! (US$ 1.50 per MMBTU) and a transporta-
tion distance of 6000 km (~3700 miles), the price of DME
is estimated to be US$ 5.45 GJ~! for a DME plant capacity
of 2500 TPD; US$ 4.74GJ~! for a DME plant capacity of
5000 TPD [26]. Table 3 compares DME prices to those of
other common fuels. Using a natural gas price of US$ 7.00
per MMBTU (April 2005 industrial price), the NKK price
of DME would be around US$ 13.65GJ~! (US$ 14.37 per
MMBTU) [26]—approximately US$ 1.87 GJ~! more than
diesel (refinery price of diesel as of April 2005 was US$
1.59 gal™1).

Because methanol, and consequently dimethyl ether, is
not a natural resource, the prices of methanol and dimethyl
ether are directly related to the price of the feedstock (e.g.,

Natural gas® Gasoline” Diesel® Methanol? Ethanold DME*®
US$GI~! (LHV) 4-7 6-12 6-12 5-17 12-17 5-14
US$ per MMBTU (LHV) 4-7 6-13 6-13 5-18 12-18 5-15

2 US price range from November 2002 to April 2005 [27].

b US price range at refinery from November 2002 to April 2005 [27].
¢ General range from 1993 to 2005 [27].

4 General range from 1989 to 2005 [27].

¢ Price Range for a 5000 TPD plant with a transportation distance of 3700 miles (natural gas price US$ 4.00-7.00 per MMBTU) [26].
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natural gas). Natural gas is the primary feedstock for pro-
ducing dimethyl ether—additional feedstocks include coal
and biomass. For the case of methanol produced from nat-
ural gas, the increase in natural gas price over the past few
years has forced methanol producers to relocate production
facilities where there is cheap-stranded natural gas. In light of
this, research and development efforts for producing dimethyl
ether from clean coal and biomass could potentially dampen
the price volatility resulting from fluctuations in natural gas
prices.

4. Infrastructure

The infrastructure needed to supply an alternative fuel
to the end user may include ocean transport, land trans-
port and refueling stations. In the US, the most extensive
infrastructures are those of natural gas and gasoline/diesel,
followed by the infrastructure for LPG fuels. Depending on
the alternative fuel, existing infrastructures may be modified
or used as is. For example, the gasoline/diesel infrastructure
can be used for ethanol. In the absence of a suitable infras-
tructure (as is the case for hydrogen), the infrastructure will
need to be built. Building an infrastructure requires time and
large amounts of capital. The capital investment (production
plants and infrastructure) for hydrogen was estimated to be
US$ 18 billion, whereas the investment for DME was US$
4 billion, for methanol US$ 4 billion, and for ethanol US$
5 billion [28].

Dimethyl ether, having properties similar to LPG fuels,
can use the existing land-based and ocean-based LPG infras-
tructures. Ocean transport of dimethyl ether can use con-
ventional LPG tankers. Dimethyl ether can be offloaded and
stored at a receiving station using the same methods and
equipment as those used for LPG with minor modifications
to the pumps, seals, and gaskets. Similar modifications would
be required for the land-based infrastructure. Since there
are numerous refilling stations for LPG, a transitioning to
dimethyl ether could be less costly than building a completely
new infrastructure; additional refueling stations would be
built as the demand for dimethyl ether increases.

5. Dimethyl ether as a diesel substitute

Since the mid 1990s dimethyl ether (cetane: #55-60)
has been promoted as a diesel substitute (cetane: #55)
[7,8,29-40]. With the concerns of diminishing petroleum
reserves, dimethyl ether is garnering more attention as a
viable alternative to diesel. The advantages of dimethyl ether
over conventional diesel include decreased emissions of NO,,
hydrocarbons and carbon monoxide. Dimethyl ether combus-
tion does not produce soot. CIDI engine tests have been per-
formed with diesel and dimethyl ether in order to compare the
exhaust emissions [7,31,39-44]. Data are reproduced from
McCandless [39] in Fig. 1. The decreased pollutant emis-

B V777 Diesel Baseline

ME + Oxi. Catalyst

Road Load Emission and Fuel Consumption

Fig. 1. Road load test data comparing engine emissions using diesel and
neat DME. Data reproduced from reference [39].

sions observed with dimethyl ether will contribute to cleaner
air (i.e., no smog). Dimethyl ether fueled CIDI engines are
also quieter than conventional diesels.

The operation of a DME engine requires a new storage
system and a new fuel delivery system—both have been
addressed [35,36,40,45]. The engine itself does not need
modification. However, in order to achieve an equivalent driv-
ing range as that of a CIDI diesel, a DME fuel storage tank
must be twice the size of a conventional diesel fuel tank due
to the lower energy density of DME compared with diesel
fuel.

The most challenging aspects of a DME engine are related
to its physical properties and not to its combustion character-
istics. The viscosity of DME is lower than that of diesel by
a factor of about 20; causing an increased amount of leak-
age in pumps and fuel injectors. There are also lubrication
issues with DME; resulting in premature wear and eventual
failure of pumps and fuel injectors. Additives have been used
to increase the lubricity of DME, and the commonly used
additives have been those developed for reformulated diesel
[35,36,40]. Fundamental research on improving DME wear
and lubricity is ongoing [40,46].

6. A comparison of transportation fuels

Because the US transportation sector accounts for 66%
of total petroleum consumption, the alternative fuel that
addresses this market will have the largest impact on reducing
petroleum consumption.

The GREET model, developed at Argonne National Labo-
ratory [1] is a widely used model that performs life cycle anal-
yses (a.k.a. cradle-to-grave or well-to-wheel) for alternative
transportation fuels. This model calculates relative perfor-
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Well-to-Wheels
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Well-to-Tank Tank-to-Wheels
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Vehicle
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[ Hydrogen
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|FT Naptha L
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Diesel
{Petroleum} Gasoline Fuel Cells
Naptha

Fig. 2. Feedstocks, fuels, and vehicle technologies that can be implemented in the transportation sector.

mances of various transportation fuels (e.g., Fischer—Tropsch
diesel, methanol, etc.) and vehicle technologies (e.g., hybrid,
compression ignition, spark ignition, fuel cell vehicles, etc,).
A similar approach was performed by L-B-Systemtechnik
GmbH [47]. The life cycle analysis modeling approach is
shown in Fig. 2.

The petroleum derived transportation fuels considered
were gasoline, diesel, and naptha. Coal is also a feedstock
that could be used to produce the listed fuels but was not
considered in the modeling studies [1,47]. The modeling
studies centered on natural gas and biomass as feedstocks for
producing alternative transportation fuels (see Fig. 2). The
vehicle technologies available for processing the alternative
fuels included conventional technologies (e.g., SIDI, CIDI),
hybrid technology, and fuel cell technology.

6.1. Well-to-tank (WTT) analyses

6.1.1. Well-to-tank efficiencies

The well-to-tank efficiencies for producing a variety of
alternative transportation fuels using different feedstocks are
shown in Fig. 3. The reported values are reproduced from
Wang and Huang and L-B-Systemtechnik GmbH. The ref-
erence from which the data were taken is in brackets. For
many of the fuels there are two efficiencies reported (one from
each study)—for example, fuels derived from petroleum, and
hydrogen derived from natural gas.

Efficiency represents a measure of feedstock
conservation—the more efficient the process, the less feed-

stock/energy we consume, and therefore the more resources
we have for future use. The energy efficiencies in Fig. 3
include fuel recovery, fuel distribution, and fuel manufac-
turing/processing. Well-to-tank energy efficiency is defined
as

LHV
<energyleel )
wit= | =< |
>_energy,;
i = feedstock recovery, fuel manufacturing,

fuel distribution, etc.

It is often useful to know how much energy is needed to
produce the fuel; the energy input can be derived from the
energy efficiency (and vice versa):

1 > energy;
energyi o, = = ;

i = feedstock recovery, fuel manufacturing,

fuel distribution, etc.

The sum of energies only includes the energy from the well
to the tank (Fig. 3).

Petroleum recovery and processing (i.e., gasoline, diesel,
and naptha) is currently the most efficient method for pro-
ducing transportation fuels. The most inefficient process is
hydrogen generation via electrolysis. In general, the well-to-
tank energy efficiency trend as a function of resource can be
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Fig. 3. Well-to-tank energy efficiencies for producing alternative fuels from various resources. Data reproduced from (a) L-B-Systemtechnik GmbH [47] and

(b) Wang and Huang [1].

written as
petroleum natural. gas biomass electrolysis
wtT nwtT > NwtT =~ 'wWTT .

Of the derived alternative fuels (e.g., DME, methanol,
diesel, naptha, hydrogen, etc.) from natural gas, biomass or
electrolysis, the production of dimethyl ether is the most effi-
cient process. Hydrogen production efficiencies from natural
gas vary widely between the two studies.

6.1.2. Well-to-tank GHG emissions

Shown in Fig. 4 are the well-to-tank greenhouse gas
(GHG) emissions for various fuels produced from various
feedstocks. In the well-to-tank segment of the life-cycle anal-
ysis, the GHG emissions are compared for the different fuels
(and feedstocks) on a per energy input basis. Excluding fuels
produced from biomass, the well-to-tank GHG emissions
trend inversely to the well-to-tank efficiencies (Figs. 3 and 4).
The GHG emissions for the production of dimethy ether from
natural gas (~25gMJ~!) are slightly better than those of
methanol produced from natural gas.

6.2. Tank-to-wheels (TTW) analyses

6.2.1. Tank-to-wheels efficiencies

The tank-to-wheel efficiencies and tank-to-wheel GHG
emissions include everything related to the vehicle (i.e., trans-
mission, engine, etc.), and its operation. In order to calculate
tank-to-wheel efficiencies and GHG emissions a vehicle tech-

nology (i.e., CIDI, hybrid, fuel cell, etc.) and fuel must be
assumed. Shown in Fig. 5 are the results comparing vehicle
efficiencies (i.e., tank-to-wheels) for various fuels and vehicle
technologies. The results are independent of fuel manufac-
turing and feedstock. Conventional technology consists of an
internal combustion engine (ICE) or a compression ignition
engine (CI) with a five speed automatic transmission.

The compression ignition engine fuelled with dimethyl
ether has the same efficiency as a CI engine fuelled with
diesel. Therefore, the DME markers in Fig. 5 represent the
vehicle efficiencies that are expected with DME. Likewise,
the vehicle efficiency for a DME fuelled fuel processor will
be greater than or equal to the vehicle efficiency of a methanol
fuelled fuel processor, based on preliminary DME steam
reforming results [48,49].

The important trends of Fig. 5 are:

e Conventional technology (i.e., CIDI and SIDI) with
petroleum-based fuels have some of the lowest vehi-
cle efficiencies—although the well-to-tank efficiencies for
petroleum fuels were the highest (80-90%, Fig. 3).

e CIDI engines have intrinsically higher vehicle efficiencies
than SIDI engines.

e The general trend for vehicle efficiency as a function of
vehicle technology is

FC n
nTTwWw > { .

FC+hybrids
TTW

FPFC
TTW

hybrids CIDI SIDI
> Nttw = ITTW = ITTW-



T.A. Semelsberger et al. / Journal of Power Sources 156 (2006) 497-511

275 Natural Gas

Petroleum

503

Biomass Elect.

250 >
225
200 -
175
150
125 4

100

GHG (g-CO, Eq/MJ)

N
7
n

-100

Gasoline (S<10ppm) -

Diesel (S<10ppm)

Naptha (S<10ppm) -

CNG: EU NG Mix

CNG: LNG Imported -
Methanol:Remote -

FTD: Remote -

FTN: Remote -

CGH2:EU mix in central plant

CGH2: EU NG mix on site

LH2 EU mix A

Ethanol: SB 4
CGH2 EU-mix A

LH2: EU NG mix -
LH2: Remote -
CGH2: RWB A
CGH2: PP A
Methanol: RWB -
Ethanol: RS -
Ethanol: PP -

FT Diesel: RWB -

Fig. 4. Well-to-tank greenhouse gas emissions as a function of alternative fuel and feedstock. Data reproduced from reference[47].

e Dimethyl ether ranks among the top in engine efficiency for
all vehicle technologies—excluding hydrogen fuel cells.

6.2.2. Start-up energy

The fuel processor efficiencies reported in Fig. 5 are
steady-state efficiencies. This efficiency does not take into
account the start-up energy required to bring the fuel pro-
cessor from ambient temperature (20 °C) to the steady-state
operating temperature. The fuel processor efficiency is a func-
tion of the fuel processor operating temperature, which in turn
is afunction of the fuel being reformed. Methanol requires the
lowest reforming temperature whereas methane and natural
gas have the highest.

The overall efficiencies when incorporating a drive cycle
(33 miles day~!) and the energy required to bring the fuel pro-

Table 4

cessor up to steady-state operating temperatures have been
calculated [50] and are shown in Table 4. The reformer
temperatures were based on thermodynamic equilibrium
data, although experimental ATR processing temperatures
for methanol and DME are actually lower at about 270 °C.
For comparison, modeled fuel processor volumes and start-
up energies as a function of fuel are also shown. Methanol and
dimethyl ether are clear favorites for on-board fuel reforming
for fuel cells in terms of fuel processor volume (and mass)
and overall drive cycle efficiency.

6.2.3. Tank-to-wheels GHG emissions

The greenhouse gas emissions generated from the vehicle
as a function of vehicle technology are shown in Fig. 6. The
results are independent of the fuel feedstock and fuel manu-

Fuel effects on start-up energy, fuel processor volumes and efficiencies as a function of fuel for automotive fuel cell systems producing 50 kW,

Methane Methanol Ethanol DME Simulated gasoline
ATR processing temperature (°C) 827 327 727 427 827
Steady state efficiency (%) 44 44 44 44 44
Efficiencies including start-up energy (%) 332 38.3 34.5 38.5 37.0
Fuel processor volume (L) 45.8 25.9 43.7 30.8 42.5
Fuel processor heat duty requirements (kJ) 7592 2712 6632 3423 7068

All fuels were reformed autothermally. Data reproduced from reference[50].
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facturing process. Tank-to-wheels emissions with hydrogen
fuel cells are zero; therefore, they are not plotted. Increasing
the TTW efficiency (Fig. 5) decreases the amount of TTW
GHG emissions, resulting in the following TTW GHG emis-
sions trend:

GHGhybridS

FC+hybrids
GHG ~ { GHGFPFC

conventional
} < GHG ,

GHGMFC = ¢

On a TTW basis, a hydrogen fuel cell is the obvious choice
for eliminating GHG emissions, however, this requires the yet
to be commercialized fuel cell. Excluding petroleum-based
fuels using conventional vehicle technologies, the remaining
vehicle technologies generate comparable TTW GHG emis-
sions (Fig. 6). The TTW GHG emissions for dimethyl ether
are lower than those produced from gasoline, diesel or FT
diesel with current commercialized technology. The place-
ment of the DME markers in Fig. 6 for a CIDI DME and a
CIDI-hybrid DME indicate that the values will be somewhere
in between the values for FT diesel and CNG.

6.3. Well-to-wheels analyses

6.3.1. Well-to-wheels (WTW) efficiency
The WTW efficiencies include the contributions of both
the WTT and TTW. The WTW efficiencies for the various
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alternative fuels, feedstocks, and vehicle technologies are
shown in Fig. 7. DME ranks among the top in efficiency
among the alternative fuels, regardless of vehicle technology.

Compressed natural gas (CNG) edges out DME in conven-
tional technology and hybrid technology, primarily because
of the increased WTT efficiency (75-80%). Other stud-
ies indicate the WTW efficiencies of a CIDI DME vehicle
are either lower or within ~1.0% of a SIDI CNG vehicle
[1,7,35,51]. The most notable discrepancy is between CNG
and gasoline. Comparing the two fuels with conventional
vehicle technologies, the DI gasoline vehicle is more effi-
cient. But, comparing the two fuels with hybrid technology,
the CNG ICE-hybrid vehicle is more efficient.

The most efficient WTW processes are petroleum based
(i.e., naptha and diesel); WTT efficiencies for petroleum-
based naptha and petroleum-based diesel are between 80
and 90%. The least efficient processes are both liquid and
gaseous hydrogen fuel cells—hydrogen in both cases is pro-
duced from natural gas.

Dimethyl ether using conventional technology has a well-
to-wheels efficiency of 18% (cf. 23% for a CIDI diesel). More
optimistic DME well-to-wheel efficiencies are reported by
Gill and Ofner [35]. They report well-to-wheel efficiencies of
35% for diesel, 27% for dimethyl ether and compressed nat-
ural gas, and 21% for methanol and Fischer—Tropsch diesel.
The differences in the reported values are the assumptions
of total vehicle efficiency—the total vehicle efficiencies for
both diesel and DME engines were estimated at 40% [35].
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Fig. 7. Well-to-wheel efficiencies for various fuels, feedstocks, and vehicle technologies. Solid bars are petroleum-based fuels, diagonal hatched bars are natural
gas-based fuels, and the cross hatched bars are biomass-based fuels. Data reproduced from references [1,47].
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The important trends of Fig. 7 are:

e CIDI engines are more efficient than SIDI engines.

e Dimethyl ether has an equivalent or higher WTW effi-
ciency than all other alternative transportation fuels.

The well-to-wheel efficiency trend as function of vehicle
technology is

FC-+hybrids  hybrids __FPFC .  HyFC CIDI SIDI
NwTtw ~Nwrw ZTITwtw T TwTw = Twtw = TwTw-

6.3.2. Well-to-wheels (WTW) GHG emissions

The WTW greenhouse gas emissions for the various alter-
native fuels, feedstocks, and vehicle technologies are shown
in Fig. 8. A CIDI DME vehicle produces the least amount
of GHG emissions compared to the other fuels using con-
ventional vehicle technology. A SIDI methanol vehicle is
one of the largest GHG producers. Upgrading conventional
vehicle technology (i.e., SIDI, CIDI) to include hybrid tech-
nology result in some of the largest reductions in GHG
emissions—with a DME CIDI hybrid producing the least
amount of WTW GHG emissions. Additional GHG emission
reductions can be realized with further vehicle improvements,
such as fuel processors and fuel cells.

Fuel processor fuel cell vehicles using liquefied petroleum
gas, liquefied natural gas, and compressed natural gas pro-

duce the least amount of WTW GHGs. Although hydrogen
fuel cells produce zero TTW GHG emissions, the WTW
GHG emissions can still be high depending on how the hydro-
gen was produced.

The important trends from Fig. 8 are:

A CIDI DME engine produces the least amount of WTW
GHG emissions compared to the other alternative fuels
using conventional technology (SIDI and CIDI).

A DME CIDI hybrid vehicle produces the least amount of
WTW GHG emissions compared to the other fuels using
hybrid technology—including fuel cells operating on nat-
ural gas derived hydrogen.

The trend of WTW GHG emissions as a function of vehicle
technology is

GHGFPFC < GHGhybrids ~ GHGHZFC < GHGconventional‘

7. DME as an energy carrier
7.1. Residential Fuel

Liquefied petroleum gas (i.e., propane and butane) is pri-
marily used as a residential fuel for heating and cooking.
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In 2000, Australia exported 1.4 million tonnes of liquefied
petroleum gas, with the largest markets being China and
Japan. The LPG market in 2000 was 180 million tonnes per
annum, and is expected to grow to 260 million tonnes. By
2010, the potential demand for DME as a residential fuel
in Asia is forecasted to be 25 milliontonnes per annum
[34].

Dimethyl ether, having similar methods of storage and
handling as LPG fuels, can replace LPG fuels. Dimethyl ether
is already being used as a cooking fuel [32]. Pure dimethyl
ether gas stove systems require burner tip, storage (~25%
increase), and vaporizer modifications.

7.2. Power generation

India is considering using DME-fired turbines to sup-
ply power to its southern region [52]. In 2010, the potential
demand for dimethyl ether in Asia has been estimated to be
105 million tonnes per annum; with 50% of the demand being
electricity [34]. Power generation via DME- or methanol-
fired turbines has been evaluated by general electric [52,53].
For a 700MW combined cycle power plant using a GE 9E
class heavy duty turbine, the heat rate with refrigerated DME
at —25°C would be approximately 1.6% lower than using
natural gas and 6.3% lower than using liquid naptha. Of the
three fuels, dimethyl ether produced the least amount of NO,
and CO [54].

7.3. DME, hydrogen, and fuel cells

There are four processes for generating hydrogen-rich
fuel-cell feeds from hydrocarbon fuels: decomposition, steam
reforming, partial oxidation, and autothermal reforming.
Decomposition and partial oxidation result in high yields
of carbon monoxide and are generally not suited for fuel
cell applications owing to their lower efficiencies as com-
pared to the other reforming techniques. Steam reform-
ing produces the highest hydrogen yield with the least
amount of carbon monoxide. The shortcoming of steam
reforming is that the process is inherently endothermic and
hence requires longer start-up times. For many transporta-
tion applications, the start-up time is critical for consumer
acceptance.

Autothermal reforming combines the endothermic steam
reforming reaction with the exothermic partial oxidation
reaction. Intrinsically, autothermal processing has decreased
start-up times and a faster response to a change in load than
the other processes. However, the reformate from autothermal
processing has a lower hydrogen concentration than steam
reforming.

Methane, methanol, ethanol, and gasoline are the most
widely researched fuels for automotive fuel cells [55-90].
Methane, ethanol, and gasoline all require high temperature
autothermal processing (>700 °C). Ethanol and gasoline tend
to form carbon resulting in durability issues [55,58,91]. Car-
bon formation can be suppressed with the addition of water,
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Fig. 9. Plot of the difference in thermodynamic equilibrium product mole
fractions of hydrogen and carbon monoxide on a wet basis as a function of
steam-to-carbon ratio and temperature for dimethyl ether-steam reforming.
Data reproduced from reference [93].

but for realistic conditions (i.e., 1.2<S/C < 1.5) carbon for-
mation remains a critical challenge [55,58,91]. Methanol is
a low temperature (~280°C) reforming fuel that exhibits
high carbon dioxide selectivities (>98%), and high hydrogen
yields (>70%).

Thermodynamically, the processing of dimethyl ether with
steam indicates the complete conversion of dimethyl ether
to hydrogen, carbon monoxide, and carbon dioxide [92,93].
Fig. 9 shows the optimal conditions for producing the largest
amount of hydrogen, while minimizing the amount of carbon
monoxide. The global maximum occurs at a steam-to-carbon
ratio of 1.50 and a temperature of 200 °C.

Dimethyl ether steam reforming occurs via a two step reac-
tion sequence [48,49,94-97]. The first step is the conversion
of dimethyl ether to methanol via DME hydrolysis, followed
by methanol steam reforming over Cu or Cu/ZnO.

e DME hydrolysis:

P d
CH30CH; + H,0 = 2CH;OH,
catalyst

AHZ = +37kJ mol ™!

e MeOH-SR:

Cu/Zn
2CH;0H + 2H,0 = 6H,+2C0y,
AHR = +49KkJ mol ™!

e Net reaction; DME-SR

CH30OCH3 + 3H,0O = 6H»+2CO»,
AHR = +135kJ mol !
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Fig. 10. Comparison of methanol steam reforming to dimethyl ether steam reforming over various catalsyts. Data reproduced from references [48,49].

Most DME reforming studies [94-96,98] used alumina
as the acid catalyst for DME hydrolysis. Turnover fre-
quencies as high as 4.2 x 107%moles of dimethyl ether
per gram of catalyst per second (7=275°C, t=1.0s) have
been observed with the complete conversion of dimethyl
ether to hydrogen, carbon monoxide, and carbon dioxide
[48,49].

Fig. 10 compares the performances of methanol steam
reforming and dimethyl ether steam reforming over var-
ious catalysts [48,49]. Dimethyl ether can be reformed
at low temperatures generating hydrogen-rich fuel-cell
feeds.

Autothermal reforming will most likely be the process
implemented for on-board vehicle fuel processing. Thermo-
dynamic modeling of the autothermal process using various
fuels has been conducted to determine the optimal operating
conditions (i.e., T, S/C, and O/C) for producing the highest
quality reformate (i.e., high hydrogen content and low carbon

Table 5

monoxide content) [99]. Table 5 presents the most opti-
mal conditions that can be expected for methane, methanol,
ethanol, dimethyl ether, and simulated gasoline when pro-
cessed autothermally. The temperatures in Table 5 represent
the idealized cases with the ideal catalysts—in practice the
temperatures are higher.

The values shown in Table 5 were produced by exclud-
ing methane as a product in the model. Ethanol can be a
viable reforming fuel if the issue of methane selectivity at
low temperatures (~300 °C) can be addressed. However, high
reforming temperatures are currently required for ethanol
reforming due to the production of methane. Hence, higher
temperatures are required in practice than given in Table 5
in order to maintain a high degree of hydrogen production
efficiency for both ethanol and gasoline (~ 700 °C). How-
ever, the reforming of DME and methanol are selective to
hydrogen and carbon dioxide at low reforming temperatures
(~270°C).

Optimal thermodynamic conditions for the autothermal processing of methane, methanol, ethanol, dimethyl ether, and simulated gasoline

Fuel Temperature (°C) S/C o/C Conversion (%) VH, yco Difference (yu, — yco)
Dimethyl ether 187 1.167 0.293 99.50 0.615 0.024 0.591
Methanol 227 1.000 0.248 100.00 0.602 0.013 0.589
Ethanol 307 1.167 0.211 99.50 0.534 0.041 0.492
Simulated gasoline 527 1.270 0.569 100.00 0.430 0.125 0.306
Methane 727 4.000 0.410 99.80 0.327 0.044 0.283

Data reproduced from reference[99].
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8. Conclusions

Current transportation fuels are based on petroleum, a
resource that is being depleted, and whose importation has
political and societal ramifications. Hydrogen is viewed by
many as the ultimate ‘end-game’ fuel. A transition from
petroleum to DME to hydrogen may be more cost effective
than a step change to hydrogen. DME can be introduced and
exploited with existing technologies, and enable the eventual
implementation of advanced technologies, such as fuel cells.

Because dimethyl ether is produced from natural gas, coal,
or biomass, dimethyl ether can increase the energy security of
the US by displacing petroleum derived fuels. The prominent
advantages of dimethyl ether as a fuel and energy carrier
are:

e Dimethyl ether can be used in the most efficient engine
technology currently produced (i.e., CIDI). Dimethyl ether
demonstrated lower NO, and SO, than conventional
diesel; is sootless.

o Using existing engine technology, dimethyl ether produces
the least amount of well-to-wheel greenhouse gas emis-
sions compared to FT diesel, FT naptha, biodiesel, bion-
aptha, methanol, methane, and ethanol.

e Excluding natural gas, dimethyl ether has the highest well-
to-wheel efficiencies of all non-petroleum based fuels
using conventional, hybrid, and fuel processor fuel cell
vehicle technologies.

e Dimethyl ether can be used as a residential fuel for heating
and cooking.

e Dimethyl ether as a turbine fuel demonstrates an increase
in efficiency, and decreased NO, and CO compared to
methane and liquid naptha.

e On-board automotive fuel processors using methanol and
dimethyl ether exhibit the lowest start-up energies and
the lowest fuel processor volumes—correlating to higher
overall efficiencies as compared to ethanol, methane, and
gasoline fueled fuel processor fuel cell vehicles.

e Dimethyl ether can produce hydrogen-rich fuel-cell feeds
with hydrogen yields equivalent to those of methanol at
comparable operating temperatures.

e The infrastructure of dimethyl ether is less cost intensive
than that for hydrogen because dimethyl ether can use the
existing LPG and natural gas infrastructures for transport
and storage.

e Dimethyl ether is non-toxic, non-teratogenic, non-
mutagenic, and non-carcinogenic.

e Dimethyl ether has a global warming potential of 0.1 (cf.,
1.0 for CO») for a 500-year time horizon.

Hydrogen fuel cells show unprecedented efficiencies, but
with the current technical challenges of hydrogen storage,
hydrogen production efficiencies, fuel cell durability, high
infrastructure costs, and high fuel cell costs, there is little
likelihood that automotive fuel cell systems will significantly
penetrate the commercial market in the near future.

As an alternative fuel, dimethyl ether can address energy
security, energy conservation, environmental concerns, and
the pragmatic realization of depleting petroleum reserves.
Most importantly, these concerns can be addressed immedi-
ately in a cost-effective manner with current commercialized
technology (i.e., CIDI and hybrid), and do not rely on future
technologies (fuel processors or fuel cells) where the time-
frame of market penetration is uncertain. As fuel processors
and fuel cells are introduced to the public, dimethyl ether can
be further exploited as a non-toxic, non-corrosive, environ-
mentally benign hydrogen carrier produced from domestic
resources.
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