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ABSTRACT: Recent discoveries of shale gas reserves have promoted a renewed interest in gas-to-liquid technologies for the
production of fuels and chemicals. One option of particular interest for the chemical industry is the production of methanol. In
this work, an economic and environmental analysis for the production of methanol from shale gas is presented. Four reforming
technologies, partial oxidation, steam methane reforming, autothermal reforming, and a combined reforming, are considered for
the production of the syngas to be fed to the methanol plant. Process simulations are used to assess the performance of each
resulting flowsheet. The results identify partial oxidation and autothermal reforming as the most suitable options for methanol
production from an economic viewpoint, but the use of the combined reforming turned out to be the best sustainable alternative
from an environmental viewpoint.
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■ INTRODUCTION

The development of technologies for natural gas extraction has
been motivated by the search for energy alternatives. Over the
past half century, the consumption of natural gas has grown from
23 trillion cubic feet (Tcf) in 1965 to 113 Tcf in 2010 and is
projected to reach 185 Tcf in 2040.1 Conventional reservoirs of
natural gas are wells produced from sands and carbonates with
pore spaces, whose permeability allows the flow through the
wellbore, while unconventional reservoirs are wells that produce
natural gas from low permeability formations such as tight gas,
coal bed methane, and shale gas.2

The renovated interest in the natural gas industry has been
promoted by the recent discoveries of shale gas reserves. Shale
gas is a natural gas found in fine-grained sedimentary rocks. In the
United States, shale gas production at the end of 2013 was
approximately 24.6 Bcf/d, which amounts to 40% of the dry gas
production;3 the most active shales are the Marcellus, Haynes-
ville, Barnett, Fayetteville, Eagleford, Woodford, and Antrim.4

Shale gas is extracted with methods that use a combination of
horizontal drilling and hydraulic fracturing.2,5

The main component of shale gas is methane, but heavier
hydrocarbons, such as ethane and propane, and other inorganic
gases, such as carbon dioxide and nitrogen, are also present. The
shale gas composition depends on the well from which it is
extracted. Large contents of components such as nitrogen
require specific gas processing techniques.6

Several chemicals can be produced from shale gas. In order to
accomplish such transformation, the first step needed to purify
the shale gas to yield a composition similar to that of natural gas.
Available reforming technologies can then be used to transform

natural gas into a synthesis gas that can be converted into a wide
variety of chemical products.7,8 One such chemical is methanol,
which in addition to its use as a fuel or fuel additive is an
intermediate for the production of other major chemical
products such as acetic acid, formaldehyde, dimethyl tereph-
thalate, and methyl tert-butyl ether, among others.9 Some studies
have been reported on the economics of methanol production
from natural gas. Lange10 compared the use of a once-through
reactor series to the use of a conventional methanol reactor with
several reforming alternatives. Later, Lange11 compared the
production of methanol with a recycle reactor to the use of a
reactor series using steam methane and partial oxidation
reformers. Environmental considerations have been addressed
mainly for methanol production from biomass.12−14

On the potential use of shale gas to producemethanol, a recent
study by Ehlinger et al.6 carried out a sensitivity analysis to assess
the impact of the methanol selling price and established targets
for energy integration. The analysis was based on the use of
partial oxidation (POX) as the reforming technique to provide
the syngas needed for the methanol production. Because there
are other viable reforming techniques, there are opportunities
and complexities associated with the selection and integration of
the type of reformers for the methanol plants.
This work is aimed at developing a technical, economic, and

environmental assessment of methanol production from shale
gas. The work introduces the following new aspects: (1)
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Consideration and assessment of the impact of different gas
reforming technologies on the production of methanol are
evaluated. In addition to the POX alternative, steam methane
reforming (SMR), autothermal reforming (ATR), and a
combined reforming (CR) are considered in this analysis. (2)
Evaluation of energy and environmental considerations and
integration with technical and economic objectives are
considered.
The objectives of this work are (a) to carry out an analysis to

determine the appropriate processing gas for a selected type of
shale gas, (b) to develop a technical analysis of each reforming
technology, (c) to perform an energy and economic analysis of
each alternative, and (d) to develop an initial environmental
assessment for the process based on each reforming technology.
A case study for the production of 10,000 tpd of methanol from
shale gas is used to demonstrate the approach and to draw useful
observations from the results.

■ PROCESS DESCRIPTION
Antrim shale, located in the northern part of the state of
Michigan, is considered as a basis for the methanol process. This
type of shale is predominantly biogenic, in which the
consumption of organic material produces methane as a
byproduct.15 Compositions of various wells from Antrim Shale
are shown in Table 1. The average of Antrim shale gas
composition is used in this work.

The steps formethanol production from shale gas are shown in
Figure 1. Shale gas must be processed before it is sent to the

methanol plant. The reported information for the gas processing
stage by Ehlinger et al.6 was used in this work. The reforming step
is analyzed assuming a desired yield for the H2:CO ratio of 2.
Compression of the syngas is needed for its use as a feed to the
methanol reactor. The final purification step for the methanol
product using distillation completes the overall process.
Gas Processing. In the gas processing step, shale gas is

purified for its use as a process feedstock. The shale gas is treated
for acid and nitrogen removal, after which the gas is fed to a
cooler and finally sent to a series of cryogenic columns in order to
recover natural gas (Figure 2). Membranes are commonly used
to separate nitrogen. The series of cryogenic columns consist of
two columns. The first column is a demethanizer; the gas
extracted is compressed and heated to reach the conditions given
in Table 2. The second column is a de-ethanizer, where ethane is
separated from heavier hydrocarbons.
Reforming. Four reforming alternatives are considered. The

description of each option is given below.

Partial Oxidation (POX). This reformer is mainly used to
produce syngas from heavy hydrocarbons. Oxygen is provided
from an air separation unit.16 The oxidation reaction in the POX
reactor is

+ → + Δ = −CH 0.5O CO 2H H 36kJ/mol4 2 2 298K
0

The temperature of the POX reactor is between 1200 and
1500 °C.8 The reaction is exothermic, and the outlet stream has
low amounts of carbon dioxide, which has to be removed before
the methanol synthesis step.
Figure 3 shows the diagram for a methanol flowsheet using

POX. A ratio of shale gas to oxygen of 1.5 is taken as a basis in this
work. The feed is preheated to 300 °C, and the POX reactor
operates at 30 bar. The stream from the POX reactor exits at
about 1350 °C.
Partial oxidation leads to a H2:CO ratio of about 1.8. In order

to adjust the desired ratio of 2.0, a water gas shift (WGS) reactor
is added. The WGS reactor operates at 250 °C and 30 bar, and
the following reaction takes place

+ ↔ + Δ = −CO H O CO H H 41kJ/mol2 2 2 298K
0

The syngas produced is cooled, and water is separated with a
flash unit at 45 °C and 30 bar. The gas stream is sent to a
separator where 99.8% of CO2 is removed. Finally, the syngas is
compressed to 83 bar.
The ASPEN Plus RGibbs model, based on a minimization of

the Gibbs free energy, was used to simulate the adiabatic POX
reactor, while the WGS reactor was simulated with the ASPEN
Plus Rstoic model.

SteamMethane Reforming (SMR). This technology is widely
used for the production of synthesis gas. The SMR reaction is
endothermic, catalyzed by nickel. In the SMR reactor, which is
generally a multitubular reactor, the main reaction is as follows:

+ → + Δ =CH H O CO 3H H 206kJ/mol4 2 2 298K
0

In addition, a water gas shift reaction is needed. The molar
ratio of steam to shale gas in the feed stream is 3.17,18 The reactor
temperature is commonly 850 °C. The catalyst is damaged at
higher temperatures, and coke formation is observed at lower
temperatures. In this case, a significant production of hydrogen is
achieved, although the process is energy intensive because of the
endothermic reaction.
Figure 4 shows the methanol flowsheet for this process. Shale

gas and steam are mixed and sent to a prereformer to convert
higher hydrocarbons into hydrogen and carbon oxides to avoid
coking formation at high temperatures. The exit stream is
preheated to 400 °C and sent to the SMR reactor, which operates
at 1200 °C and 20 bar. Then, syngas is separated into vapor and
liquid phases. The liquid stream is mainly wastewater, while the
vapor phase is sent to a separator to remove 98% of CO2. The
H2:CO ratio from the SMR reactor is usually around 3. In order
to adjust the H2:CO ratio, the CO2 stream is recycled, and the
excess of H2 is extracted. The syngas stream is finally compressed
from 20 to 83 bar.

Autothermal Reforming (ATR). This alternative is a
combination of steam methane reformer and partial oxidation,
where the energy required is low due to the combination of the
reactions of each process. As a result, the temperature control is
improved, and the deactivation catalyst by carbon decomposition
is avoided. Additionally, the H2:CO ratio is adjusted by feeding
oxygen. The ATR reactor consists of a burner and a fixed bed
catalyst, where the outlet gas composition is very close to

Table 1. Antrim Shale Gas Compostion15

well C1 C2 C3 CO2 N2

1 27.5 3.5 1.0 3.0 65.0
2 57.3 4.9 1.9 0.0 35.9
3 77.5 4.0 0.9 3.3 14.3
4 85.6 4.3 0.4 9.0 00.7

average 61.97 4.17 1.05 3.83 28.97

Figure 1. Main steps for methanol synthesis from shale gas.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500330g | ACS Sustainable Chem. Eng. 2014, 2, 2338−23442339



thermodynamic equilibrium of an adiabatic reactor in a large-
scale process.19−21 The reactions in the ATR reformer are

+ → + Δ = −CH 1.5O CO 2H O H 519kJ/mol4 2 2 298K
0

+ → + Δ =CH CO 2CO 2H H 206kJ/mol4 2 2 298K
0

+ ↔ + Δ = −CO H O CO H H 41kJ/mol2 2 2 298K
0

For this case, shale gas and steam are mixed and preheated at
350 °C. The gas stream is sent to an adiabatic prereformer to
convert higher hydrocarbons into syngas. The outlet stream and
oxygen are fed to an ATR reactor, which operates at 25 bar. The
gas mixture from the ATR reactor exits at 1290 °C. Syngas at 25
bar is separated at 40 °C into a liquid phase, which is basically

water and a vapor stream that goes for 99.8% CO2 removal. The
syngas reaches a pressure of 83 bar in the compressor. Figure 5
shows the methanol flowsheet with the ATR alternative.
For the process simulations, an ASPEN Plus RGibbs model

was used for both the prereformer and the ATR reactor.
Combined Reforming (CR). The combined reforming

consists of a combination of steam methane reforming and
autothermal reforming.8,22 A better energy utilization can be
obtained with respect to the individual use of SMR or ATR.23

Figure 6 shows the process flowsheet.
In this case, shale gas and steam are mixed and sent to an SMR

reactor, which operates at 20 bar and 850 °C. The outlet stream
and shale gas are mixed and fed to the ATR reactor, which
operates adiabatically at 30 bar. As in the ATR case, the H2:CO
ratio is adjusted with an oxygen stream for the desired ratio of 2.
The syngas stream is cooled to 40 °C to separate water, while

the gas stream is sent to a unit in which 98% of CO2 is separated
and recirculated to the SMR reactor in order to lower the amount
of oxygen needed to adjust the H2:CO ratio. Syngas is
compressed to 83 bar and sent to the methanol synthesis loop.
The steam methane reforming and autothermal reforming

were simulated with the ASPEN Plus RGibbs model.
Methanol Synthesis. The chemical reactions for the

methanol synthesis from synthesis gas are

Figure 2. Pretreatment stage for Antrim shale gas.

Table 2. Composition and Conditions of Shale Gas Stream
after Gas Processing

component composition (mol %)

methane 95.4
ethane 3.89
propane 0.04
carbon dioxide 0.59
nitrogen 0.08
stream conditions
temperature (°C) 26
pressure (Bar) 26

Figure 3. Methanol flowsheet using POX.
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+ ↔ +

Δ = −

CO 3H CH OH H O

H 49.43kJ/mol
2 2 3 2

298K
0

+ ↔ Δ = −CO 2H CH OH H 90.55kJ/mol2 3 298K
0

The water gas shift reaction is

+ ↔ + Δ = −CO H O CO H H 41kJ/mol2 2 2 298K
0

Research has gradually improved the operating conditions of
the methanol reactor. Early last century, BASF developed a high
pressure process over ZnO/Cr2O3 catalyst, which was operated
at up to 250−350 bar and 320−450 °C. In the 1960s, Imperial
Chemical Industries (ICI, now Synetix) developed the low-
pressure process that operated at 35−55 bar and 200−300 °C.23

Figure 4. Methanol flowsheet using SMR.

Figure 5. Methanol flowsheet using ATR.

Figure 6. Methanol flowsheet using CR.
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The reactions in the low-pressure process take place over Cu/
ZnO/Al2O3 catalysts.

24

The synthesis reactions are highly exothermic. The methanol
reactor, which was modeled using the Aspen Plus RPlug model,
operates at 83 bar and has a constant reactor temperature of 260
°C. The packed tubular reactor has 30,000 tubes of 12 m and a
diameter of 0.04 m. The catalyst has 2000 kg/m3, and the reactor
void volume is 0.5. The kinetics from Vanden Bussche and
Froment24 was used to simulate the reactor. The outlet steam of
the reactor is cooled to 45 °C, and the methanol crude is
separated.
During the methanol synthesis loop, the syngas is recirculated

to improve the conversion in the reactor. The recycle compressor
changes the pressure from 75 to 83 bar, and half of the syngas is
extracted during the recycle, with a potential use as fuel.
Purification.Methanol can be purified to grades C, A, or AA.

Methanol with grade C is for wood alcohol used in denaturing.
Methanol with grade A is used as a solvent. Grade AA, also called
B, refers to the purest methanol (99.85% of purity) and is used
for chemical applications where high purity is required.6

Methanol purification is carried out by distillation, for which
one or two columns are used. The first column, or topping
column, is for light ends removal and acts as a refluxed stripper. A
second column, or refinery column, is sometimes necessary to
purify the methanol product.9

In this work, the methanol is considered to be purified to AA
grade. In the POX alternative, only the topping column is
required to reach the AA grade. A column is used with 12
theoretical stages, operating with a 1.5 reflux ratio and at 1.5 bar.
In the SMR alternative, the crude methanol is sent to a flash unit

operating at 0 °C and 10 bar. Next, the liquid phase is sent to a
topping column; the outlet bottom stream is fed to a refinery
column with 20 theoretical stages, 1.5 reflux ratio, and pressure of
1.5 bar. Finally, methanol is obtained at the top of the refining
column. In the ATR case, the methanol AA grade is obtained
from the bottom of the topping column.
The columns for the ATR and the CR processes were modeled

similarly as for the POX alternative.

■ RESULTS AND DISCUSSION

The basis for the analysis is a methanol production of 10,000 ton
per day (tpd). The reactions and conditions established in each
case determine the amount of raw material required. The use of
CR requires lower amounts of shale gas and oxygen than the
other reforming options, although it is not self-sufficient in water
consumption. SMR shows the lowest water needs but the highest
shale gas consumption. For the POX technology, the amount of
shale gas and oxygen fed to the syngas production stage are
slightly lower than for the ATR based process.

Economic Evaluation. The methanol plant economics was
estimated assuming 350 operating days per year, a tax rate of
25%, and a 10 year linear depreciation scheme to calculate the
annualized fixed cost.25,26 The selling price of methanol was
taken as $600/ton.6 The total capital investment (TCI) was
estimated with the six-tenths rule based on reported data for
methanol plants with similar syngas production stages.6,27 The
fixed capital investment (FCI) was assumed as 85% of the total
investment. The return on investment (ROI) was calculated for
each process using the following formula25

=
− − − +

ROI
(Annual Sales Annual Fixed Cost Annual Operating Cost)(1 Tax Rate) Annual Fixed Cost

TCI

The heating utilities conditions are high-pressure steam at 100
kPa and low-temperature heating oil at 344 C and 3.5 bar, and
their respective costs were taken as $4 and 7/MM Btu,25

respectively. The costs of shale gas and oxygen were assumed to
be respectively $4.71/MM Btu and $0.05/lb,6 respectively.
Table 3 shows the operating costs for the process for each

reforming case. The values for TCI, FCI, and ROI for each case

are reported in Table 4. The POX alternative requires the highest
capital investment, while the CR alternative is the one with the
lowest capital investment. On the other hand, POX requires the

lowest operating cost, while CR requires the highest operating
cost. ROI calculations indicate that technologies based on POX
and ATR offer the higher ROI, while CR and SMR reformers
provide rather similar profitablitiy.
The use of shale gas as a raw material for the methanol process

requires a preprocessing step due to impurities that need to be
removed in order to provide it with pipeline quality for the plant.

Environmental Assessment. The environmental assess-
ment conducted here is based on the amount of CO2 emissions,
which can have several sources. CO2 emissions can be generated
directly from burning fuels. Other sources include shale gas
preprocessing to meet pipeline and process requirements.
Additionally, there are streams exiting the process while
containing CO2. The calculations carried out for each option
were based on emissions generated from burning fuels, effects of
electricity consumption, and estimation of CO2 equivalent units
for outlet streams and gas preprocessing. Natural gas was
assumed to be used for heaters.
In order to estimate the CO2 emissions from burning fuels, the

fuel analysis approach from EPA28 was used, which involves the
determination of carbon content of fuel combusted and its
application to the amount of fuel burned. The steps of the
approach are as follows:
Step 1. Determination of the amount of fuel combusted.
Step 2. Conversion of the amount of fuel combusted into

energy units. The approach uses carbon content factors based on
energy units, which are less variable than those based on physical

Table 3. Operating Cost for the Methanol Plant for Different
Reformer Options

POX SMR ATR CR

utilities (MM$/yr) 259.78 683.41 528.39 867.37
raw material (MM$/yr) 652.12 648.75 675.25 547.53
labor (MM$/yr) 10.69 6.52 5.70 5.46
total (MM$/yr) 922.59 1,338.68 1,209.34 1,420.36

Table 4. Profitability for the Methanol Plant with Each
Reforming Option

POX SMR ATR CR

TCI (MM$) 1,970.52 1,644.22 1,711.08 1,533.78
FCI (MM$) 1,674.94 1,397.59 1,454.42 1,303.71
ROI (%) 46.9 36.9 41.2 35.4
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units (mass or volume). The heating value was used for this
purpose.
Step 3. Estimation of carbon content of fuels combusted. To

estimate the carbon content, energy content was multiplied by
carbon content coefficients.
Step 4. Estimation of carbon emissions. When the fuel is

burned most of the carbon is converted into CO2 and sent into
the atmosphere. To estimate the total carbon emissions, the
carbon content was multiplied by the fraction of carbon oxidized.
The fraction of carbon oxidized was assumed to be 1 for this case.
Step 5. Conversion to CO2 emissions. To obtain the total

amount of CO2 emissions, the carbon emissions were multiplied
by the molecular weight ratio of CO2 to Carbon.
The following equation gives the estimation of CO2 emissions,

= F

CO emissions (kg/day)

( )(HC )(C )(
44 kgCO

12 kgC
)

2

Fuel Fuel
2

where F is the amount of fuel used for combustion (scf/day),
HCFuel is the fuel heat content, and CFuel is the carbon content
coefficient of the fuel. For natural gas, the heat content is 1029
BTU/scf and the carbon content coefficient is 14.47 kg carbon/
MMBtu. For the electricity consumption emissions, a factor of
0.782 MT of CO2/MWh was used.29

To obtain the total amount of CO2 emitted, emissions from
preprocessing and outlet streams were accounted for. Table 5

shows the CO2 emissions for the process for each reforming
option. The results show that the process based on combined
reforming gives the best sustainable option from environmental
considerations, while the use of SMR gives the option with the
highest carbon footprint.

■ CONCLUSIONS
A technical, economic, and environmental analysis for methanol
production from shale gas has been presented. After a shale gas
processing step, four reforming technologies, partial oxidation
(POX), steam methane reforming (SMR), autothermal reform-
ing (ATR), and combined reforming (CR), were considered for
the supply of syngas for the methanol plant. Computer-aided
simulations were used to assess the performance of each option.
The results show that the use of POX or ATR provides the
alternative with the best profitability potential for methanol
production. From an environmental viewpoint, however, the
process based on CR turns out to be the option with the lowest
carbon footprint. The results provide the incentive for the
development of multiobjective optimization models taking into
account the economic and environmental aspects considered
here. The results can also be used as the modeling and
optimization bases for processes that employ hybrid feed-
stocks30,31 (e.g., shale gas, biomass, etc.) and for regional or
national supply chain analysis and optimization of shale gas
networks.32,33
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