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Abstract

The production of a hydrogen-rich fuel-cell feed by dimethyl ether (DME) steam reforming was investigated using calculations of thermo-
dynamic equilibrium as a function of steam-to-carbon ratio (0.00–4.00), temperature (100–600◦C), pressure (1–5 atm), and product species.
Species considered were acetone, acetylene, carbon dioxide, carbon monoxide, dimethyl ether, ethane, ethanol, ethylene, formaldehyde,
formic acid, hydrogen, isopropanol, methane, methanol, methyl-ethyl ether,n-propanol and water.
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Thermodynamic equilibrium calculations of DME steam reforming indicate complete conversion of dimethyl ether to hydrogen
monoxide and carbon dioxide at temperatures greater than 200◦C and steam-to-carbon ratios greater than 1.25 at atmospheric p
(P = 1 atm). Increasing the operating pressure shifts the equilibrium toward the reactants; increasing the pressure from 1 to 5 atm
the conversion of dimethyl ether from 99.5 to 76.2%. The trend of thermodynamically stable products in decreasing mole fraction i
ethane, isopropyl alcohol, acetone,n-propanol, ethylene, ethanol, methyl-ethyl ether and methanol–formaldehyde, formic acid, and a
were not observed. Based on the equilibrium calculations, the optimal processing conditions for dimethyl ether steam reforming
steam-to-carbon ratio of 1.50, a pressure of 1 atm, and a temperature of 200◦C. These thermodynamic equilibrium calculations show dime
ether processed with steam will produce hydrogen-rich fuel-cell feeds—with hydrogen concentrations exceeding 70%.

The conversion of dimethyl ether via hydrolysis (considering methanol as the only product) is limited by thermodynamic equ
Equilibrium conversion increases with temperature and steam-to-carbon ratio. A maximum dimethyl ether conversion of 62% is a
a steam-to-carbon ratio of 5.00 and a processing temperature of 600◦C.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Alternative and renewable energy technologies are being
sought throughout the world to reduce pollutant emissions
and increase the efficiency of energy use. Fuel cell technology
is one approach that is being researched to improve energy ef-
ficiency. Oil is the main source of energy in the United States
for transportation; however, with the advent of more efficient
methods of producing power, such as fuel cells, the depen-
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dency on foreign oil can be relaxed, though not remove
means of removing the dependency on foreign oil is to us
els derived from renewable sources such as Fischer–Tr
fuels or fuels such as methane, biomass and coal. Fo
reason, methanol, ethanol, biodiesel and biogasoline a
searched.

Dimethyl ether (DME) is an alternative fuel that h
not attracted much attention as a hydrogen carrier for
cells, although it has good potential because it reform
low temperatures[1–11]. Turn-over-frequencies as high
4.2× 10−6 mol of dimethyl ether per gram of catalyst p
second (T = 275◦C, τ = 1.0 s) have been observed with
complete conversion of dimethyl ether to hydrogen,
bon monoxide and carbon dioxide[9,11]. The production o
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dimethyl ether occurs over zeolite-based catalysts with syn-
gas as the raw material, thus the feedstock can be traditional
hydrocarbons or renewable sources[12–23]. Unlike many fu-
els considered for the production of hydrogen-rich fuel-cell
feeds, dimethyl ether is nontoxic, noncarcinogenic, nonter-
atogenic and nonmutagenic. Dimethyl ether has already pen-
etrated the commercial sector as aerosol propellants (e.g.,
DuPontTM Dymel A®) with typical uses in bronchodilators,
shaving cream, perfume and spray paint.

Dimethyl ether has been used as a refrigerant and diesel
substitute and additive[1,24–33]. Used as either a diesel sub-
stitute or additive, dimethyl ether decreased NOx, SOx, and
particulate matter emissions[26,34–36]. Because dimethyl
ether burns cleanly, it is being considered as a fuel for house-
hold heating and cooking[37,38]. The Japanese government
is anticipating a dimethyl ether infrastructure by the end of
the decade.

The storage and handling of dimethyl ether is similar to
those of liquefied petroleum gases (LPG); e.g., butane and
propane. Therefore the infrastructure of LPG fuels can be
readily used for the distribution of dimethyl ether. In addi-
tion, the existing natural gas infrastructure can be used to
distribute DME. Consequently, dimethyl ether is a promising
alternative fuel for generating hydrogen-rich fuel-cell feeds.
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∑
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where�G◦
fi is the standard Gibbs function of formation of

compoundi, R the molar gas constant,T the processing tem-
perature,P the processing pressure,yi the gas phase mole
fraction of compoundi, φ̂i the fugacity coefficient of com-
poundi, λk the Lagrange multiplier,aik the number of atoms
for kth elements of speciesi, Ak the total mass ofkth element
andni the moles of compoundi. All equilibrium calculations
were performed with vapor phase constituents. The equation
of state used was the Peng–Robinson equation. Minimization
was accomplished with Aspen TechTM, commercial software
capable of performing multicomponent equilibria.

The modeling methodology is represented by the flow
chart in Fig. 1. There are four steps to calculate chemical
equilibrium:

1. choose reactants and their relative proportions;
2. choose products;
3. choose processing temperature and pressure;
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This paper reports the results of thermodynamic equ
ium composition calculations of the production of hydrog
ich fuel-cell feeds by dimethyl ether steam reforming. T
esearch augments the work published by Sobyanin et a[5]
ho investigated the effects of temperature (327–727◦C),
ressure (1–5 atm) and steam-to-carbon ratio (0.5–10
imethyl ether steam reforming. Our study expands u

he previous research by examining lower tempera
100–600◦C) and expanding the product set to con
f hydrogen, carbon monoxide, carbon dioxide, acety
thanol, methanol, ethylene, methyl-ethyl ether, forma
yde, formic acid, acetone,n-propanol, ethane, and isopro
lcohol. Also, the equilibrium product compositions res

ng from the production of methanol by the hydrolysis
imethyl ether were investigated as a function of tem
ture (100–600◦C) and steam-to-carbon ratio (0.00–5.0
etails of the calculations and the tabulated results for
imethyl ether steam reforming and dimethyl ether hydr
is can be found in LA-14166 athttp://www.osti.gov/bridge.
his report is available upon request.

. Modeling methodology

.1. Gibb’s free energy

Equilibrium compositions were calculated by the m
ization of the Gibb’s free energy. The Gibb’s free ene
quations that were minimized are shown in Eq.(1). A deriva-

ion of these equations is given in Perry’s Chemical E
4. perform minimization.

2.2. Dimethyl ether steam reforming

The primary reactions and temperatures chosen fo
initial equilibrium modeling were based on experimental
servations[9]. The reactions or constrained equilibria a
The primary reactions and temperatures chosen for the i
equilibrium modeling were based on experimental obse
tions[9]. The reactions or constrained equilibria are:

DME steam reforming :

(CH3)2O + 3H2O(v) � 2CO2+6H2 �H◦
r = +135 kJ/mo

Water-gas shift :

H2 + CO2 � H2O(v)+CO �H◦
r = +41 kJ/mol

Net reaction :

(CH3)2O + 2H2O(v) � CO2+5H2 + CO

�H◦
r = +176 kJ/mol

Both reactions are endothermic in the forward di
tion. Dimethyl ether steam reforming requires approxima
three times the energy as the forward water-gas shift
tion. The sum of the two equations, results in a compo
reaction with a large endothermic enthalpy, 176 kJ mo−1.
The composite reaction was taken as the product bas
(CH3OCH3, H2O, CO2, CO, H2). The temperature and pre

http://www.osti.gov/bridge/
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sure ranges investigated were 100–600◦C and 1–5 atm, re-
spectively, with steam-to-carbon ratios ranging from 0.00 to
4.00.

Given the processing temperatures and products, the equi-
librium compositions were calculated. The equilibrium com-
positions were mapped for each condition, and the optimal
processing temperature and feed composition were deter-

mined. The processing pressure was then varied to ascertain
its effects on the equilibrium composition.

2.3. DME-SR: thermodynamically plausible products

Depending on the operating conditions and catalysts em-
ployed, the product composition may be different from
Fig. 1. DME-SR modeling
 methodology flow chart.
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Table 1
Expanded DME-SR product set at optimal processing conditions

Expanded product set
Acetone Formic acid
Acetylene Hydrogena

Carbon dioxidea Isopropanol
Carbon monoxidea Methane
Dimethyl ether (DME)a Methanol
Ethane Methyl-ethyl ether
Ethanol n-Propanol
Ethylene Watera

Formaldehyde
a Product basis set.

those assumed above (CH3OCH3, H2O, CO2, CO, H2). The
product set was expanded to include species that may be
intermediates or products formed from side reactions. The
expanded product set is shown inTable 1.

To explore additional thermodynamic products under var-
ious degrees of selectivity (i.e., compositional constraints),
the species with the largest effluent mole fraction at a tem-
perature of 100◦C and a steam-to-carbon ratio of 2.50 was
removed from the product set—excluding the products in the
basis set, then the calculations were repeated, thus defining
a new thermodynamic case study. In all cases, the product
sets did not include carbon as a thermodynamically viable
species. Carbon was excluded because the rate of carbon for-
mation has been observed in experiments to be slow[10,11].

2.4. Dimethyl ether hydrolysis

The process of dimethyl ether steam reforming over acid
catalysts is observed to proceed by a two step reaction se-
quence, where dimethyl ether is first converted to methanol
(dimethyl ether hydrolysis), which is then converted to H2
and CO2 by methanol steam reforming[8–11]:

Methanol has also been observed as an intermediate during
conversion of syngas to higher molecular weight hydrocar-
b ta-
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pressure will not shift the equilibrium, hence the processing
pressure was maintained at 1 atm.

3. Results and discussion

3.1. Dimethyl ether steam reforming

Fig. 2 illustrates the equilibrium conversion of dimethyl
ether as a function of steam-to-carbon ratio and temperature.
The conversion of DME approaches 1 for all practical oper-
ating conditions (i.e.,T > 200◦C and S/C > 1.50). The steam
reforming conversion of dimethyl ether is not limited by equi-
librium.

Fig. 3 depicts the hydrogen mole fraction on a wet and
dry basis for dimethyl ether steam reforming as a function of
steam-to-carbon ratio and temperature. The maximum equi-
librium hydrogen effluent mole fraction modeled was 0.72
for a steam-to-carbon ratio equal to 1.50 and a temperature
of 200◦C. The theoretical maximum mole fraction of hydro-
gen for dimethyl ether steam reforming is 0.75. The hydro-
gen production efficiency as a function of temperature and
steam-to-carbon ratio is shown inFig. 3c. Hydrogen produc-
tion efficiency was defined as the effluent mole fraction of
hydrogen on a wet basis divided by 0.75. The decrease in the
hydrogen mole fraction inFig. 3a and the decrease in the hy-
d n
r (i.e.,
S

gen
m ature
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t n.

sing
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ons[9,14,23,40–47]. This reaction occurs over acid ca
ysts, where syngas is first converted to methanol and s
uently, methanol equilibrates with dimethyl ether via D
ydrolysis:

ME hydrolysis :

(CH3)2O + H2O(v)
Acid
�

Catalyst
2CH3OH,

�H◦
r = +37 kJ/mol.

he equilibrium product composition was modeled as a f
ion of temperature and steam-to-carbon ratio to identify
imits on conversion. The temperature range investigated
dentical to the temperature range used for the proce
imethyl ether steam reforming (100–600◦C). The range o
team-to-carbon ratios was expanded to 0.00–5.00. Be
here is no difference in molar quantity between prod
nd reactants in the hydrolysis of dimethyl ether, a chan
rogen production efficiency inFig. 3c for steam-to-carbo
atios greater than 1.00 are the result of steam dilution
/C > 1.50).
Given a constant steam-to-carbon ratio, the hydro

ole fraction decreases monotonically as the temper
ncreases (Fig. 3a), primarily due to the water-gas shift eq
ibrium. Accompanying a decrease in the hydrogen mole
ion is an increase in the carbon monoxide concentratio

The hydrogen mole fraction increases with increa
team-to-carbon ratio because of the increased conve
f dimethyl ether to hydrogen, reaching a maximum
team-to-carbon ratio of 1.50, then decreases as the s

ig. 2. Plot of the thermodynamic equilibrium conversion of dimethyl e
s a function of steam-to-carbon ratio and temperature.
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Fig. 3. Plot of the thermodynamic equilibrium product mole fractions of hydrogen on a (a) wet and (b) dry basis as a function of steam-to-carbon ratio and
temperature for dimethyl ether-steam reforming; (c) hydrogen production efficiency on a wet basis as a function of steam-to-carbon ratio and temperature.

to-carbon ratio is further increased because of steam dilution.
The hydrogen mole fraction on a wet basis (Fig. 3a) decreases
faster due to steam dilution than the increase in hydrogen
production from the water-gas shift reaction (Fig. 3b) as the
steam-to-carbon ratio is increased. In a DME-SR fuel pro-
cessor, high steam-to-carbon ratios will have a larger impact
on the reactor volume (due to an increased water influent)
and on the reactor heat duty (due to an increase in vaporiza-
tion energy) than on the carbon monoxide effluent content,
as exemplified by the comparison ofFig. 3a and b.

3.2. DME-SR: carbon monoxide product mole fraction

Production of carbon monoxide during the steam reform-
ing of dimethyl ether is attributed to the water-gas shift reac-

tion and the partial steam reforming reaction (PSR):

DME-PSR :

(CH3)2O + H2O(v) � 4H2+2CO,

�H◦
rxn = +217 kJ/mol.

The carbon monoxide product concentration on a wet basis
(depicted inFig. 4a) occurs within a narrow range of steam-
to-carbon ratios—indicated by the small radius of curvature at
the maximum. The maximum occurs during dimethyl ether
partial steam reforming at a steam-to-carbon ratio of 0.50.
Steam-to-carbon ratios of less than 1.00 are to be avoided be-
cause of the conversion constraint (i.e., <99.5%), thus elim-
inating the region of global maxima of carbon monoxide.
For steam-to-carbon ratios greater than 1.50, the primary re-
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Fig. 4. Plot of the thermodynamic equilibrium-product mole fractions of carbon monoxide on a (a) wet and (b) dry basis as a function of steam-to-carbonratio
and temperature for dimethyl ether steam reforming.

action responsible for carbon monoxide production is the
water-gas shift reaction. The carbon monoxide mole frac-
tion is observed to increase with increasing temperature for
a given steam-to-carbon ratio and decrease with an increas-
ing steam-to-carbon ratio at a given temperature. There is
no mole change with the water-gas shift reaction; therefore,
pressure effects are negligible.

3.2.1. DME-SR: optimal processing for PEM fuel cells
The optimal processing of any hydrocarbon fuel for pro-

ducing hydrogen-rich fuel-cell feeds requires minimization
of the carbon monoxide content to maximize the hydrogen
content. This assumes that the carbon monoxide effluent is
processed using PrOx reactors to a level that preserves the
operability of PEM fuel cells, typically≤10 ppm. Minimiz-
ing the carbon monoxide content and steam-to-carbon ratio
in a steam reforming unit reduces the downstream reactor
volumes and proportionately decreases startup energy, thus
increasing the overall efficiency of the fuel processor[4]. The
objective function used consists of the difference in product
compositions of hydrogen and carbon monoxide on a wet
basis:

d(yH2 − yCO)wet basis= 0(maximum)

given XDME ≥ 99.5%.

T n a
d the
o ole
f cess-
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ence is 0.70 and occurs at a steam-to-carbon ratio of 1.50 and
a temperature of 200◦C—this correlates to a hydrogen pro-
duction efficiency of 97%. The differences in product mole
fractions on a dry basis are shown inFig. 5b.

ComparingFig. 5a and b illustrate the effects of dilution
on the objective function. Plotting the difference in hydrogen
and carbon monoxide on a dry basis (Fig. 5b), the suitable pro-
cessing conditions resulting in a maximum difference expand
to include temperatures up to 450◦C and steam-to-carbon
ratios up to 4.0. The purpose of plotting the two objective
functions is to give a qualitative perspective on the optimal
conditions for generating hydrogen-rich fuel-cell feeds with
different design constraints. In the case of portable or automo-
tive applications where size, volume and efficiency are critical
design constraints, excess water (e.g., S/C > 2.50) correlates
to larger heat exchangers, increased vaporization energy and
increased water storage. For stationary applications, where
the size and volume constraints are relaxed, excess water
may prove useful.

3.2.2. DME-SR: pressure effects
The optimal steam-to-carbon ratio of 2.50 was chosen to

investigate the effects of pressure on dimethyl ether steam
reforming and determine the thermodynamically viable
products during the process of dimethyl ether steam reform-
i tions
o 0
a
c rogen
p ther
c uilib-
r ming
s egree
o

he aim is maximization of this objective function give
imethyl ether conversion constraint of 99.5%. To identify
ptimal operating conditions, the difference in product m

ractions as a function of steam-to-carbon ratio and pro
ng temperature were plotted (Fig. 5). The local maxima o
he objective function on a wet basis (Fig. 5a) are shown t
ncompass small regions of temperature (100–300◦C) and
team-to-carbon ratios (1.25–2.50). This topographica
ion has a minimum difference of 0.60. The maximum dif
ng. The effect of pressure on the fractional concentra
f dimethyl ether and hydrogen at a temperature of 10◦C
nd a steam-to-carbon ratio of 2.50 is depicted inFig. 6. In-
reasing the pressure from 1 to 5 atm decreases the hyd
roduction efficiency by 12% and decreases dimethyl e
onversion by 23%. Increasing the pressure shifts the eq
ium to the reactants, hence dimethyl ether steam refor
hould be operated at low pressures to maintain a high d
f hydrogen production efficiency.
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Fig. 5. Plot of the difference in thermodynamic equilibrium product mole fractions of hydrogen and carbon monoxide on (a) wet and (b) dry basis as a function
of steam-to-carbon ratio and temperature for dimethyl ether-steam reforming.

3.2.3. DME-SR: thermodynamically plausible products
A steam-to-carbon ratio of 2.50 (Fig. 5a) and a pressure

of 1 atm (Fig. 6) were chosen as the operating conditions
for the determination of additional products. The thermody-
namic equilibrium compositions were determined for oper-
ating temperatures ranging from 100 to 600◦C. The thermo-
dynamically favored species in order of decreasing effluent
mole fraction are tabulated inTable 2. While the trend in
Table 2was tabulated for a steam-to-carbon ratio of 2.50, it
will be observed for all steam-to-carbon ratios. However, the
equilibrium product concentrations will be different.

Given the products considered, methane (case 1) was the
most abundant and methanol (case 10) the least abundant.
The fractional concentrations of the most abundant species

as a function of temperature are shown inFig. 7. Methane
is favored over the entire temperature range investigated,
while ethane is favored in the range of 100–500◦C, when
methane is not considered. For cases 3–8 the products ap-
proach zero fractional concentration as the temperature ap-
proaches 300◦C. Methanol, case 9, is observed, but with a
concentration of about 900 ppm at a temperature of 100◦C.
The absence of significant amounts of methanol is a direct
consequence of the product basis set (specifically hydrogen,
carbon dioxide and carbon monoxide). Similarly, formic acid,
formaldehyde and acetylene were not observed to be favored
thermodynamically. Although some of the species in the ex-
panded product set are favored thermodynamically at defined
operating conditions, they may not be observed experimen-

dimeth 5.
Fig. 6. Pressure effects on DME-SR compositions of hydrogen and
 yl ether processed at a temperature of 100◦C and a steam-to-carbon ratio of 2.
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Fig. 7. Compositions of the most abundant species for thermodynamic cases 1–9 as a function of temperature at a steam-to-carbon ratio of 2.5 and a pressure
of 1 atm.

tally. The catalysts employed will determine product selec-
tivity.

3.3. Dimethyl ether hydrolysis

The conversion of dimethyl ether through hydrolysis to
methanol as a function of steam-to-carbon ratio and temper-
ature is depicted inFig. 8. For this case, the only species
considered were DME, methanol and water. The conver-
sion of dimethyl ether to methanol is limited by equilib-

Table 2
Thermodynamic cases for expanded dimethyl ether steam reforming product
set with steam-to-carbon ratio of 2.5 and a pressure of 1 atm

Thermo case Most abundant Species excluded

1 Methane None
2 Ethane Methane
3 Isopropyl alcohol Ethane + methane
4 Acetone Isopropyl

alcohol + ethane + methane
5 n-Propanol Acetone + isopropyl

alcohol + ethane + methane
6 Ethylene n-Propanol + acetone + isopropyl

alcohol + ethane + methane
7 Ethanol Ethylene +n-

propanol + acetone + isopropyl
alcohol + ethane + methane

rium. Dimethyl ether conversion increases monotonically
with increasing steam-to-carbon ratio at a given tempera-
ture and increasing temperature at a given steam-to-carbon
ratio. Increasing both the processing temperature and steam-
to-carbon ratio, results in the maximum increase in dimethyl
ether conversion to methanol.

For a stoichiometric steam-to-carbon ratio (e.g., 0.50), the
highest conversion of dimethyl ether that can be reached in
the temperature range investigated is 25% at 600◦C. At a
steam-to-carbon ratio of 2.00 the conversion of dimethyl ether
conversion is 26% at 300◦C. The maximum conversion of
dimethyl ether (e.g., 62%) occurs at the extrema (T = 600◦C
and S/C = 5.00).

F eam-
t

8 Methyl-ethyl ether Ethanol + ethylene +n-
propanol + acetone + isopropyl
alcohol + ethane + methane

9 Methanol Methyl-ethyl
ether + ethanol + ethylene +n-
propanol + acetone + isopropyl
alcohol + ethane + methane
ig. 8. DME equilibrium conversion as a function of temperature and st
o-carbon ratio for the hydrolysis of dimethyl ether.
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Fig. 9. Effluent equilibrium compositions of methanol on a (a) wet and (b) dry basis as a function of temperature and steam-to-carbon ratio for the hydrolysis
of dimethyl ether.

The equilibrium methanol composition for dimethyl ether
hydrolysis as a function of steam-to-carbon ratio and tem-
perature is illustrated inFig. 9. At a given steam-to-carbon
ratio, the methanol mole fraction on a wet basis (Fig. 9a) is
nonmonotonic with increasing temperature, while it is mono-
tonic on a dry basis (Fig. 9b). The nonmonotonic nature of the
methanol effluent mole fraction as a function of the steam-
to-carbon ratio is a direct consequence of steam dilution. The
maximum methanol effluent mole fraction on a wet basis
occurs at a steam-to-carbon ratio of 1.00 and a temperature
of 600◦C with a value equaling 23%, while on a dry basis
the maximum methanol effluent mole fraction occurs at the
extrema (T = 600◦C and S/C = 5.00) at 85%. Increasing the
steam-to-carbon ratio introduces water into the system faster
than the increase in the equilibrium composition of methanol;
evidenced by comparingFig. 9a and b.

4. Conclusions

This study focused on the thermodynamic aspects of gen-
erating hydrogen-rich fuel-cell feeds from dimethyl ether
steam reforming and the thermodynamics of dimethyl ether
hydrolysis. The compositions of dimethyl ether steam re-
forming were determined as a function of temperature
(100–600◦C), steam-to-carbon ratio (0.00–4.00), pressure
( was
i
s .

ere
d

• eam
nge

os
hy-

drogen production efficiency of 97% occurs at a steam-to-
carbon ratio of 1.50, a temperature of 200◦C and a pressure
of 1 atm.

• The conversion of dimethyl ether to hydrogen, carbon
monoxide and carbon dioxide is not limited by equilibrium
for temperatures greater than 200◦C and steam-to-carbon
ratios greater than 1.25 at 1 atm.

• Increasing the pressure from 1 to 5 atm decreases the con-
version of dimethyl ether from 99.5 to 76.2%.

• If the catalysts employed are not selective toward hydro-
gen, carbon monoxide and carbon dioxide, then additional
thermodynamically stable products are observed. The or-
der of thermodynamically stable products in decreasing
mole fraction is methane, ethane, isopropyl alcohol, ace-
tone,n-propanol, ethylene, ethanol, methyl-ethyl ether and
methanol. Formaldehyde, acetylene and formic acid are
not thermodynamically favored.

• Methanol produced from the hydrolysis of dimethyl ether
is thermodynamically limited. Equilibrium conversion in-
creases with temperature and steam-to-carbon ratio. The
maximum conversion of dimethyl ether occurs at the ex-
trema (T = 600◦C and S/C = 5.00) correlating to a value of
62%.

• The ranges of temperature and steam-to-carbon ratio
for dimethyl ether steam reforming based on the ob-
jective function: d(y − y ) = maximum are

A

ent
o ram.
T for
h

1–5 atm) and product species. Dimethyl ether hydrolysis
nvestigated as a function of temperature (100–600◦C) and
team-to-carbon ratio (0.00–5.00) at a pressure of 1 atm

Based on the results the following conclusions w
rawn:

Thermodynamically, dimethyl ether processed with st
generates hydrogen-rich fuel-cell feeds over a ra
of temperatures (200–600◦C), steam-to-carbon rati
(1.25–4.00) and pressures (1–5 atm). The maximum
H2 CO wet basis
100–300◦C and 1.50–2.50, respectively.
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