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Abstract—This study investigates GQmitigation by methanol
synthesis from flue gas GGand H generation through water
electrolysis. Electrolytic hydrogen generation iable provided that
the required electrical power is supplied from weakle energy
resources; whereby power generation from renewasleurces is yet
commercial challenging. This approach contributeegoo-emission,
moreover it produce oxygen which could be usedessidtock for
chemical process. At ZPC, however, oxygen would utiézed
through partial oxidation of methane in autothermegctor (ATR);
this makes ease the difficulties of @elivery and marketing. On the
other hand, onboard hydrogen storage and consumptionethanol
plant; make the project economically more compaiti
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flue gas

|. INTRODUCTION

recovery,

carbon capture and storage (CCS) technologies 48f
converting CO2 to other useful materials, for ins@&
methanol.

The first method can't solve the problem thorougldpd
switch to other energy sources is not accessibihant term.
The latter option, however, is madikely to be efficient since
it makes use of the value in the waste,C&her than to make
another kind of “landfill” for it [6]. On the othenand, it can
be applied on any source of flue gas in currentsiny.

Methanol synthesis from flue gas involves in conakiion
of CO, and H over CuO-ZnO based catalystcording to
equation (1). Hydrogen could be supplied throughtewa
electrolysis with renewable power supply or fronorbass.
Having lower production cost, hydrogen from biomasay
appear to be more feasible, but it implicates imsoCQ
emission.

OMBUSTION of fossil fuels such as oil, gas and coal Like electricity, hydrogen is an ‘energy carriashich must

are the main source of energy in today industrg, @@,
exhausted from that is the major cause of globaimirgy in
today industry [1], [2]. As a result of the greeobke-gas
emissions (GHG), the average global surface tererand
sea level have increased by ¥.4and 15cm over théast

be produced using energy from another source. $t da
advantage over electricity, however, in that it dsen stored
more easily. Current interest in hydrogen stemsmfro
environmental and energy policy concerns includgigbal
climate change, local air quality, noise and seégwf energy

century, respectivelyThe effect of GHG emissions on climatesupply, together with breakthrough in fuel celliteoclogy [7].

change is currently believed to be one of the nlastgerous
problems threatening human'’s life. And if any s@mpéntary
actions for GHG reduction are not taken in the rfeture,

It is also the lightest chemical element, and s® Very low
energy per unit volume. There are, however, sonadieriges
for hydrogen utilization including: requirement dérge

40% of the species worldwide may be threatened wiiAstallation because of low energy density, lowtonifability

extinction [3].

Fossil fuels provide more than 80% of the worldisat
energy demands; the atmospheric ,C&ncentration will
continue to rise in direct proportion to fossil fmi@ise, with
significant consequences for global climate [4]eTiecessity
to achieve zero-emissions has attracted attentmward
developing clean industries. A considerable reduacth CO,
emission from fossil fuels could be obtained inethiways:
Improving the energy efficiency of equipments;
renewable energy sources; development and depldyofien
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and endurance due to frequent fluctuations [8]demand for
infrastructure modification. Indeed, conversion lgfdrogen
and CQ to methanol is regards as an alternative methadé¢o
hydrogen energy more efficiently.

Despite the associated conversion efficiency, treversion
of gaseous hydrogen to liquid methanol results imare
convenient alternative energy carrier; it has teaatage of
higher density for storage and transportation aad be
handled by the existing infrastructure. Methanat t& used
in the direct methanol fuel cells, where there asneed for
onboard reformer, for the power industry, fuel grawethanol
is clean and efficient alternative fuel for gasioes. It can be
mixed with conventional petrol [8].

Il. APPROACH

Currently, more than 75% of methanol is produceminfr
natural gas. Methanol synthesis is based on thumegafmental
steps including: Synthesis gas (syngas) produdiwough
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steam reforming or partial oxidation of methanetalggic former authors [16], [17], [18]. The reactions ofEM and
conversion of syngas to crude methanol, accordiregiiation CO, can be described by electrochemical reactionen th
(1) and (2) and rectifying crude-methanol in diatibn unit to  aqueous solution according to equations: 4-7.

obtain high grade methanol.

CO, + 2H, 0 & H,0% + HCO3 4)

€Oz + 3H, > CH;OH + H,0 @) HCO; + Hy0 & H;0* + CO3~ (5)

CO + 2H, - CH;0H 2) MEA + H;0" © MEA* + H,0 (6)

MEA + HCO3 & MEACOO™ + H,0 )

Highest yield of methanol is obtained while stochatery
number (SN), presented in equation (3) approaches 2 Flue gas is cooled and dehumidified, it then entars
separator. C@rich flue gas then passes through an absorption

SN = [Hal=[C0] (3) column wherein it is contacted with monoethanolanin

[coT+c0:] (MEA) in counter-current pattern.

However, introducing flue gas composition into eipra The CQ i_s absorbed in MEA and leaves the column yia its
-y bottom, while the top product (N2) leaves the towed is
(3) results i, = 3, as quoted before [9], [10], [11]. vented to atmosphere. The bottom product (MEAgdinhto a
In every methanol plant, large amount of 6 produced stripping column and is separated by distillatiddeveral
from natural gas combustion and vented to atmosphBo researchers have modeled and studied €@turing by MEA.
ensure a sustainable development it is necessaaghieve Singh, D. found that the thermal energy requirenfieng coal
zero emissions. Capturing G&om flue gas and its recycle to fired power of 400 MW is equal to 3.8 GJ/ton J@9]. Alie,
synthesis unit helps to reduce the level of clirmatevant C. found that the lowest energy requirement of kJfmol

emissions. [12] Table 1 shows specification of Eddxhaust CO, (4GJ/ton CQ) can be achieved at lean solvent loading

gas. between .25-.3 mol Cfimol MEA [17]. Mohamad Abu-Zahra
TABLE | realized that energy equivalent of 3.3 GJ/ton, @Orequired
METHANOL PLANT EXHAUST-GAS SPECIFICATION for solvent regeneration with 30 wt% [2]. Here wensider
Spec unit regeneration energy demand equal to 3.5 GJ/top i@ to
Flow Smalhr 152,458 highgr MEA tgmperature. Therefore, 38.78(3J/hr enegy
, required for this process. The flue gas temperasirg4C
Temp C 141 hence, total energy demand for S€pturing can be supplied
Pressure bar 1 by heat recovery from exhaust gas. In additiors #mergy
could be supplied by medium pressure steam produted
Co, Mol% 10.74 boilers.
N Mol% 65.73
0. Mol% 1.53 B. Water Electrolysis Unit
H,0 Mol% 21.18 Water electrolysis is a process through which westeplit

into hydrogen and oxygen by application of eleetrienergy.

Hydrogen can be produced from a variety of fee{;ydrogen, required for methanol synthesis, can toelyrced

. rom splitting of water through various electrobyfirocesses.
stocks;from fossil resources such as natural gdscaal, and pitting 9 o/

. Ilkaline, polymer electrolyte membrane (PEM), high
from renewable resources such as biomass or water POly v ( ) 9

o . émperature decomposition, photo-electrolysis ts
electrolysis with power input from renewable enesgyirces P P P y (plysts),

[13], [14], [15]. Fossil resources are off-consmtérn here as photo-biological - production ~ (biophotolysis). - Howeye
the); asséciate.with Cmission amongst them, alkaline electrolysis and PEM are

commercially available. PEM electrolysis is suitabbr small
. METHODOLOGY _capacit_ies while alkaline hgve dominat_ed high-capac
’ industrial market. Indeed alkaline electrolysis vea®pted for
Methanol synthesis from flue gas, is presumed topses  hydrogen production in thistudy. Alkaline electrolysis uses
2 major principles in this study: Carbon capturia@d an aqueous KOH solution as an electrolyte that lysua
electrolytic hydrogen production from renewable rg§e jrcylates through the electrolytic cells [21], [2223]. The
sources, and combining G@nd hydrogen in a conventional yinciple of alkaline electrolysis is presenteceiuation 7 and

methanol synthesis unit. 8.
A.CO2 Capturing Electrolyte: 4H,0 — 4H* + 40H~ (8)
Amine absorption is a proven technology for cardmxide . + _
recovery from flue gases. This method has been ued Cathode: T+ de” > 2H, ©)
Anode: 40H™ - 0, + 2H,0 + 4e™ (10)
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Sum: (12)

The produced KHand Q are transferred into storage tank

power generation in utility unit or used for supply energy
to CQ, capturing unit. The product stream is cooled mieay-

Joint and enters a flash-drum. Methanol producetiogr with

to be used later. Dhowever, is then conveyed to autothermat®me impurities accumulates in liquid state in safoa drum

reactor (ATR) and contributes to the partial oxioiat of
methane (POX). Onsite consumption of oxygen lesskas
difficulty of its market and dispatch.

Electricity costs are a major contributor to theexall cost
of hydrogen. This accounts for nearly 80% of thetaaf in
electrolytic hydrogen using current state-of-thetachnology.
Ideally, 39 kWh of electricity and 8.9 liters of tea are
required to produce 1 kg of hydrogen at 250C and
atmosphere pressure. A typical commercial electasly
system has lower efficiencies and corresponds te6M8

while unconverted gases are again recycled to psote
enhance conversion factor of reactions. The disitilh unit in
ZPC could be operated over 115% load. Hence, tlser®
need to design a separate purification unit foraertethanol,
produced.

D.Utility Unit
1 A utility unit of 200-254MW is assumed to generate

renewable power for electrolytic hydrogen genergtio
considering 4.06-5.17kWh/Shof hydrogen produced [14],

kWh/kg. The US department of energy (DOE) has set [21].

program long-term goal of delivered hydrogen capt#2/kg
to $3/kg [20], [21].

Figure 1 shows hydrogen cost versus electricitytsgdsut
takes into account only the cost of electricitydise split the
water. The result demonstrate that to meet the Bxdget of
$3.00/kg, elecetrolyzers with today’s efficiencigsuld need
to have access to electricity prices lower thad$.@55/kWh
[20], [21].
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Fig. 1. Hydrogen cost vs. electricity (excluding@t costs)
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Considering today’s electricity cost in Iran (.078&h)
accompanying by available electrolytic technololyydrogen
production cost would be 4$/kg.

C.Methanol Synthesis and Purification

Methanol synthesis unit at ZPC could be run oved% bf
its normal capacity. The CuO-ZnO catalysts arecsigke to
both CO and C& indeed the recovered GOcan be
introduced to former synthesis unit without any raxt
modification. In this unit the COstream will be mixed with
hydrogen and pressurized to the required levehtere? shell
and tube reactors called “water cooled”, where d¢htalysts
are filled inside the tubes while the shells altediwith water.
The Ahs released from methanol synthesis unit is deliveoed
water contained in shell. Warm water goes up thnotigers
and enters the boiler to generate steam at 48riob2&{'C.

However, it is probably more efficient to designnaw
water-cooled reactor along with a boiler for symsikeunit.
Generated steam could be fed to export steamuiilized for

IV. FEASIBILITY STUDY

Table 2 shows the expenditure for methanol prodaocti
from flue gas. Designed natural gas intensity isnée equal
to 860Sm3/ton methanol. Considering .069$/m3 N@tdtal
material cost is evaluated 59.34$ per ton methatmlever,
1lton methanol production from carbon capturing and
electrolysis costs 19.48$ for carbon and 476.76%ydrogen,
while ignoring conversion factor in catalytic reast. This
means that, to make the project feasible in econ@spects,
electrolytic hydrogen cost needs to fall by a faab 10 or
even higher. In addition carbon capturing costather high
and need to fall by a factor of 2-3.

TABLE Il
EXPENDITURE FOR METHANOL PRODUCTION FROM FLUE GAS
Utility Cost
Electrolysis 48kWh/kg
Electricity 0.078%/kwWh
Hydrogen 3.74-4.68%/kg
CO2 capturing 40-60$/ton

V.CONCLUSION

Fossil fuels are the major source of Ofnission to the
environment. Reducing the dependency of industrossil
fuels and switch to other energy sources is natssible until
the next century. However, Carbon capturing andizinti
CO, as feedstock for producing other chemicals likehaueol
is a promising solution for making GObalance in the
environment.

Basically, methanol synthesis requires hydrogen in
proportion of 3/1 with respect to GOHydrogen production
from electrolysis has been investigated in thislgtWWe found
that today's electrolytic hydrogen, in consideragtation,
costs between 3.74-4.68%/kg which is rather expensi
However, flue gas has enough potential to providergy
demand for C@Qcapturing.

Although, Conventional methanol production from unat
gas result in raw material cost equivalent to 59.8dr ton of
methanol, but the peculiar low raw material cognhes from
abandonment of gas resources and extra costs liesnin
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environmental aspects and the depletion of natesdurces National Renewable Energy Laboratory technical reN&®EL/TP-581-

i ; 40605, September 2006. http:// www.osti.gov/bridge.
have never and accounted in the price. [21] “Hydrogen production cost estimate using water teddysis,” National

The carbon sequestration ar)d eleCtmlytiC hYdrOQém renewable energy laboratory, September 2009. wwindgenenergy.-
renewable resources are not still proven in comialeand gove/news_cost_goal.pdf

economic terms; nonetheless, wide application adharel as
hydrogen carrier is likely to increase its pricghie world. On
the whole, accounting the environmental cost oifdwiels,
development of high-tech processes to drop theepric
sufficient for electrolytic hydrogen accompanied by
burgeoning methanol market in future would makeptaeess
economically feasible.
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