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Dimethyl ether (DME) is a clean fuel with a high cetane number and soot-free combustion,
making it a suitable substitute for fossil fuels. However, optimizing the direct DME synthesis
process from syngas (STD) requires a deep understanding of equilibrium limitations and the
interaction of operating conditions. In this study, with the aim of determining the optimal
thermodynamic conditions as well as evaluating the final product quality from a combustion
perspective, the equilibrium of the STD process was analyzed using the Gibbs free energy
minimization method. Calculations were performed using Aspen Plus software and the Peng
Robinson equation of state over a temperature range of 100 to 500 °C, a pressure range of 1 to
50 bar, H2/CO molar ratios from 0.5 to 4, and CO>/CO ratios from 0 to 2. The effects of adding
steam and inert gas (N2) on conversion and selectivity were also evaluated. All calculations were

Thermodynamic equilibrium

0 > equilibr based on the assumption of single-phase gas equilibrium. At 250 °C and 40 bar, CO conversion
Gibbs energy minimization

reached about 95% and DME selectivity exceeded 92%. Increasing the temperature to 500 °C
reduced DME selectivity to below 70% and increased CO: selectivity to above 30%. Adding 20%
steam to the feed increased hydrogen production by up to 20% but decreased DME selectivity by
about 12%. In contrast, adding excess CO: reduced DME selectivity without significantly
changing hydrogen conversion. Comparison of the direct and indirect routes showed that CO
conversion in the direct route exceeds 95%, while in the indirect route it remains below 50%.

Introduction

Dimethyl ether (DME) is considered a promising clean alternative fuel because of its superior combustion
characteristics, including a lower auto-ignition temperature and shorter ignition delay than natural gas (methane)
[1]. DME can be produced via either indirect methanol dehydration or direct synthesis from syngas over a
bifunctional catalyst. In the direct synthesis (STD) process, the simultaneous formation and dehydration of
methanol shift the reaction equilibrium toward DME production, resulting in higher overall syngas conversion.

Thermodynamic equilibrium analysis is an effective tool for evaluating reaction feasibility and determining
optimum operating conditions. The authors have previously applied this approach to the thermodynamic analysis
of gasoline production from heavy hydrocarbon cracking [2] and ethane cracking for light olefin production [3].
For DME synthesis, Chen et al. identified 260 °C and 50 bar as the optimum conditions for single-step DME
production from syngas [4] and subsequently compared the thermodynamic performance

Despite these valuable contributions, a comprehensive thermodynamic analysis simultaneously evaluating the
effects of steam, CO-, and inert gases on DME selectivity over a wide range of temperatures and pressures has not
yet been reported. Therefore, in the present study, the Gibbs free energy minimization method was employed to
investigate the effects of operating conditions on the equilibrium conversion of the reactions, DME selectivity,
and DME yield. The simulation results were subsequently used to determine the optimum operating conditions for
the DME synthesis reactor.
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Analysis Procedure

The Gibbs free energy minimization calculations were performed using Aspen Plus® software, while the Peng—
Robinson equation of state (PR-EOS) was employed to describe the thermodynamic properties of the system. The
CO and H: conversions were calculated using the following equations.

_ (nco)o ~Neo

X, = ———x 100
“ (nco)o (1)
(ny,)o — Ny,
Xy, =————=%X 100
2 (nu,)o @)

In the above equations, n¢g ¢ and ny, o denote the inlet molar flow rate of CO and H, to the reactor, whereas ncg
and ny, represent the outlet molar flow rate of CO and H; from the reactor.

The selectivity toward DME was calculated according to the following equation:

2npmE

Y x 100
bME 2nDME + Ny, + (nco)F + (ncoz)F (3)

In this equation, npygand nyeoy denote the molar flow rates of DME and methanol produced in the reactor,

respectively. Furthermore, (n¢o)rand (ncoz)Frepresent the changes in the molar flow rates of CO and CO:

during the reaction, which were calculated using the following equations.

(Neo)r = Mo — (Neo)o 4)
(ncoz)F = N¢o, — (ncoz)o (5)

The DME yield was calculated using the following equation:

2
__ “MomME % 100
(nco + ncoz)o (6)

where (nco + ncoz)ois the total inlet molar flow rate of CO and CO:s: in the feed. It should be noted that, in the

YDME

present study, the thermodynamic equilibrium calculations were performed under the assumption that all reactions
occurred exclusively in the gas phase (single-phase system), with no formation of a separate liquid phase.

Results and Discussion

As illustrated in Figure 1, increasing the operating pressure at a constant temperature enhanced both CO and
H: conversions. At 250 °C and 40 bar, the CO and H. conversions reached approximately 95% and 92%,
respectively, compared with 60% and 58% at 10 bar. This improvement is attributed to the pressure-favoured
methanol synthesis reaction, which shifts the equilibrium toward methanol formation and subsequently enhances
DME production through methanol dehydration. Conversely, increasing the reaction temperature reduced the
equilibrium conversions of CO and H: because all reactions involved in DME synthesis are exothermic. The
predicted CO conversion of approximately 60% at 250 °C and 10 bar agrees well with the results reported by
Wang et al. [6]. Likewise, the decline in DME selectivity with increasing temperature is consistent with previous
thermodynamic studies [4].

Increasing the reaction temperature reduced the DME selectivity while increasing the CO: selectivity, whereas
higher pressures favored DME formation by suppressing CO: production. At 250 °C and 40 bar, the DME and
CO: selectivities were approximately 92% and 15%, respectively, while at 500 °C the DME selectivity decreased
to below 70% and the CO: selectivity exceeded 30%. Although low temperatures are thermodynamically favorable
for DME synthesis, previous studies have suggested that the STD process is kinetically limited under these
conditions [7].

The H2/CO feed ratio had a pronounced effect on process performance. Increasing the H»/CO ratio from 1 to 4
enhanced the CO conversion from approximately 70% to 98% and increased the DME selectivity from 85% to
95%, while reducing the CO- selectivity. In contrast, the addition of 10 mol% nitrogen had only a marginal
influence, decreasing the CO and H- conversions by less than 3% because of reactant dilution.
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Figure 1- Effect of temperature and pressure on the equilibrium conversion of (a) CO and (b) Hz at H./CO =2.

Increasing the steam content in the feed reduced the DME selectivity but promoted hydrogen production
through the water-gas shift reaction. Specifically, the addition of 20 mol% steam decreased the DME selectivity
by approximately 12% while increasing hydrogen production by up to 20%. Conversely, CO- addition shifted the
equilibrium toward the reactants via the reverse water-gas shift reaction, resulting in lower DME selectivity with
little effect on hydrogen conversion.

A comparison of the direct and indirect synthesis routes showed that, at 250 °C and 40 bar, the direct synthesis
(STD) process achieved a CO conversion exceeding 95%, whereas the indirect route yielded less than 50%
conversion. This nearly twofold improvement confirms the thermodynamic superiority of the direct synthesis route
and is consistent with previous studies [5,6]. The enhanced performance results from the in situ consumption of
methanol, which continuously shifts the equilibrium toward DME formation according to Le Chatelier's principle.

Conclusions

Thermodynamic equilibrium analysis based on Gibbs free energy minimization demonstrated that high
pressure (40—50 bar) and moderate temperature (approximately 250 °C) provide the optimum conditions for direct
DME synthesis from syngas. Under these conditions, high CO conversion (>90%), DME selectivity (<92%), and
DME yield (=50%) were achieved. Steam addition promoted hydrogen production but reduced DME selectivity,
whereas the presence of an inert gas had only a minor influence on the process. Furthermore, the direct synthesis
route exhibited significantly higher CO conversion than the indirect route, confirming its thermodynamic
superiority.
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Figure 1- Effect of temperature and pressure on the equilibrium conversion of CO at H./CO =2.
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Figure 2- Effect of temperature and pressure on the equilibrium conversion of hydrogen at H-/CO = 2.

TH/CO =Y 33 (339,000 Jolai Jiokad (fimo (595 2 HLdd 9 Lo il ¥ U



"we OFF) F o )louds VA 093 3l il g b gan (i Ao i 95 Uy

oanlive a5 5 jshilen .ol ool ools Hlas ¥ s 5 ¥ K jo JLed g Lo b STD a8 DY guass (5 pdyolbel o

o3 Sy Mbsn I3 €O (s byl Jlo e 3 5 48l 28lS 1 Litags (s byl Los il L 35
393> DME (g iyl b Fe JLid g ¥O-°C clos o .cudls amlss Jg3i sig, COz (o pdylicil (Lid ilsdl L
ao 3 Ve 3l yeS 4 DME (5 pdiolbil - 2 °C glos [0 a5 Jl> 0 ccnl o0 V0 950> CO2 (5 pdy bl 5 as 0 AY
9o Bl Jpame lgieas CO2 STD 0ils 10 a8 Sll 5l o Ll aoyo Yo 5l s 4 CO2 s piuolsesl 4
salys STD anlb (59, 5 siie 3l omly slalos ;o jLid al3dl ggama ;3 10 oo DME (s pdyoliuil ials

s

90
9% —
0 85
85—
= 80
)
=
=
@
75+
75
0+
51 1
50 0

pressuribar) 5

Temperature(C)

Figure 3- Effect of temperature and pressure on the equilibrium selectivity of DME at H./CO = 2.
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Figure S- Influence of H./CO molar ratio on CO conversion at 40 bar.
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Figure 10- Influence of inert gas co-feed on the equilibrium behavior at 40 bar and 250 °C
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Figure 11- Impact of steam co-feed on equilibrium composition at 40 bar and 250 °C
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Figure 12- Influence of CO: co-feed on reaction equilibrium at 40 bar and 250 °C
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Figure 13- Comparison of conversion efficiencies between direct and indirect DME synthesis routes under operating conditions of 40
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