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Abstract

In recent years, stringent environmental regulations have placed increasing
pressure on industries to reduce greenhouse gas emissions, as a means of
the transition to a sustainable and low-carbon energy landscape. This ne-
cessitates the development of innovative processes for carbon capture and
utilization (CCU) while concurrently exploring the integration of renewable
energy sources (RES) into chemical manufacturing. The goal of this study
is to investigate the processes of Dry Methane Reforming (DMR), which
utilizes methane and carbon dioxide, the two main greenhouse gases, and
methanol synthesis via hydrogenation of CO and CO,, which are derived
from the DMR, in order to finally produce approximately 100 ktonnes/year
methanol of purity 99.5%. All the upstream and downstream processes were
simulated and optimized in Aspen Plus V11 and afterwards a comprehensive
techno-economic analysis was conducted by utilizing the MS Excel. Also,
a preliminary estimation of the carbon emissions was employed, using the
Ecoinvent 3.9.1 (12/2022) database and the CML v4.8 2016 method. In this
thesis three case studies (CS) are employed regarding the feedstock, as well
as the heating method of the Dry Methane Reforming process: Firstly, a
scenario that employs pure fossil-based methane and carbon dioxide (cap-
tured) as feedstock to a conventional heated reactor (i.e., furnaces using
fossil fuels) is set as a base (CS1). Then, in the context of chemical industry
electrification, a scenario of Microwave-assisted reactor is developed keep-
ing fossil-based methane as feedstock (CS2). Lastly, in an effort to replace
fossil fuels with renewable materials, biogas is considered as a feed for the
MWe-assisted catalytic DMR reactor. Due to the high HsS composition of
biogas, desulfurization system is placed before the DMR reactor (CS3). The
methanol production and purification processes are kept the same in all three
case studies.

The optimization of the processes regarding the conditions (temperature and
pressure), the recycle percentage and the distillation columns’ characteristics,
lead in the following results, that are the same in all cases: methane conver-
sion in the DMR reactor: 99.5%, CO conversion in the methanol synthesis
reactor: 44.8% and total yield 73%. Afterwards, a heat integration is carried
out, reducing the energy requirements for hot and cold utilities as following;:
CS1: 2.3 and 3.1 MW, CS2: 2.3 and 2.3 MW and CS3: 2.4 and 2.4 MW,



respectively. Then, a techno-economic assessment is performed to estimate
the operating costs for the year 2023 and the projects’ feasibility. The cost
drivers of the whole unit resulted to be the Hy from water electrolysis (3000
eur/tonne), the high pressure steam (6.86 eur/GJ), the grid electricity (100
eur/MWh) and the capital expenditures (CAPEX). Finally, the project ap-
peared to be economically nonviable, with net present values (NPV) ranging
from -1.3 to -1.7 billion euro for a total 20-year lifetime.

However, bearing in mind the predicted prices of the Hs, electricity, CO5 and
methanol, four scenario analysis were employed for the year 2050 and only
for CS2 (CS1 is not viable in the future due to its high utilization of fossil
fuels and CS3 is more costly than CS2):

1. The price for the Hy was set at 1000 eur/tonne, for the COy 34 eur/tonne
and for the electricity 20 eur/MWh. The break-even value of methanol
resulted to be 1986 eur/tonne, higher than the estimated one (i.e., 630
eur/tonne).

2. An analysis of the economy of scale effect resulted in a zero NPV for a
capacity of 3500 ktonne/year (upper limit for industrial scale methanol
production according to literature) and a methanol price equal to 1700
eur/tonne

3. A sensitivity analysis for the potential reduction of CAPEX (10-40%)
due to the evolution of technology’s maturity. The estimated prices of
raw materials, electricity and methanol of 2050 were used. The NPV
increased, but was not above zero for any CAPEX reduction.

4. Finally, a synergy of all the above was employed. More specifically,
the raw materials’ and electricity’s price of 2050, a capacity of 3500
ktonnes/year MeOH and a 40% reduction of CAPEX due to future
maturity of technology were considered in order to find the break-
even value of methanol (NPV=0), which resulted to be 1674 eur/tonne
(16% reduced compared to the initial 2050 break-even value -1986-, but
higher than the estimated one -630-).

Finally, the CO5 equivalent emissions of all the processes were calculated
equal to 1.94, 1.44 and 1.43 kgco,—cquivatent/kSnmeon for CS 1, 2 and 3 re-
spectively. These values appeared to be comparable to the literature ones,
and in fact lower than the some of them (i.e., 5.55 kgco,—equivatent/Kgnmeon in
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the electrochemical reduction of COy method and 12.5-19.8 in the shale gas
partial oxidation/SMR method). All in all the project can be considered non
profitable in today’s economy, but potentially viable in the future ”green”
economy.

Keywords: CCU; DMR,; syngas-to-methanol; methanol; CO hydrogenation;
COs hydrogenation; electrification; microwave-assisted; techno-economic anal-
ysis; carbon emissions



IlepiAndn

To tereutaio ypdvia, auctneol xavoviouol TepBurlovTinic TpocTaclug Eyouy
aoxfoeL augavouevn Teon oTig Blounyavieg yio Th Uelwon TV EXTOUTOV agpltv
Veppoxnmiov, we uéoo yuo T peTdfoct o Eva Biiotuo xon younhol dvipaxo
evepyelaxod tomlo. Autd amoutel TV avdmTULN XUVOTOUMY BLUOLXACLOY YLl TN
0€oUEuoT) ol Yenotdoroinon Tou dvipaxa, Tautdypova Ue TNV e€EpElVNOT TNG
EVOWUATOONG TNYOV AVAUVEWOLUNG EVERPYELNG 0T YNuixn Brounyavio. Xtodyog
NG TaPoVoog MEAETNS Efvar 1) BIEREUVNOT TWYV BLABXACLAOY TNG ENEHS AVAULORPL-
ong tou pevaviov, Tou yenotuonotel ueddvio xar Btoeldlo Tou dvipaxa, To BUO
x0pla agptar Yepuoxnmiou, xar tng olvieong uedavoing HEcw LUBEOYOVWONS TOU
uovoZewdiou xou do&etdiou Tou dvdpaxa, ta ool Tpoépyovtan and Ty ZAM,
ue oxond Ny mopaywyYn tepimou 100 yhdowy OV /€T0C uedovorne xordo-
eomntag 99.5%. Olec oL Siepyaoieg npocoyordinxay xou Behtio tomothdnxoy
oto Aspen Plus V11 xou otn cuvéyela moaypatonot{inxe uior OhOXANewUEVT
TEYVO-0XOVOULXY| avdAuoT yenowornowwvtag to MS Excel. Erniong, mpoyua-
TOTOUAUNXE L0l TPOXATAPXTIXY EXTIUNCT) TV EXTOUTOV AvUpaxd, YENOUOTOL-
ovtog T Bdon dedouévev  Ecoinvent 3.9.1 (12/2022) xou tn pédodo CML
v4.8 2016. Xtnv epyacion auTY| YENOLOTOLOLYTOL TEELS TEQLTTWOLOAOYIXES UE-
Méteg (IIM) doov agopd Ty tpo@odocio, xadde xou T wévodo Yépuavone g
EAM: Katapydc, Yewprinxe we Bdon éva oevdpio pe xadopr| Teogodocio opu-
«Th¢ Tpogheuong pedaviou xou Slo&etdiou Tou dvipoxa, ue cupPotixd Vépuavon
Tou avTtdpaothea ZAM (Bnhadh @olpvol mou xaive opuxTd xoowa) (TEdTN
nepintwon - IIM1). 3tn ocuvéyela, oto mhaioto tou e&NAEXTELOUOV TNG Y NS
Brounyaviag, avartiooeton €va oevdpto ue avtidpaotheo ZAM mou Yepuoiveton
UEoW pxpoxuudtwy, dltnedvtag tny Bia tpogodoacior ye v IIM1 (Sebtepn
nepintwon - IIM2). Téhoc, otnv mpoomdieta va avtixotootoadody o 0puXTE
%00l UE OVOVEWDGLUOL LALXE, haBdveTton umddn 1 yeron Blooepiou we Tpogo-
docto 6Tov EAM avTidpao T TOL YENOLWOTOLEL txpoXuUdTa Yo T1) Vépuoavo
Tou. Ab6yw TNE UPNATC cLYXEVTEWOTCS ToL PBloaepiou ot LBEdUELD, Eva VO TN
agpaipeone Velou, Tonodetelton mpty amd Tov avudpacthoa =AM (teitn nepintw-
on - [IM3). Oudiepyaotec ouvieone xou xadaplopol tne uedovorng mopauévouy
(Oleg og OAEC TIC MEQITTWOLONOYIXES UEAETEG.

H Beltiotonoinon twv Stdixaotdy doov agopd tic ouvirixec (Yepuoxpacta xou
Ttison), TO TOGOGTO AVOXUXAWOTNG X0 TOL YUQUXTNRLOTIXG TNG OO TOXTIXAG
oThANg odnyel ota axdrlovda amotehéouata, To omola elvon (Bl o dAeg TIg



TEQITTWOELS: peTatpony| pedaviou otov avtidpas thea ZAM: 99.5%, uetatpont
uovoZewdiou tou dvipaxa otov avtdpaotipa clvieone yedavorne: 44.8% xou
ouvolixr) omddoan 73%. Xtn ouvéyel, tpayuatonoteiton N Evepyetoxs Olo-
x\pwor, pelmviag TIC evepyelaxés amanTthoelg Yoo Vepud xou Yuypd péco wg
edhc: IIM1: 2.3 xon 3.1, TIM2: 2.3 xou 2.3 xon [IM3: 2.4 xou 2.4 MW, avticTol-
YO XTI CUVEYELN, TROYUATOTOLEITAL Uil TEYVO-OIXOVOULXT) a&LOAOY O™ VLol VoL
exTnUolV oL AelTovpyneg damdveg Yo To €tog 2023 xou eviéhel 1) fuwoydtnTo
Tou €pyou. Tn ueyahltepn cUVELCQOPE GTO OMXO XOCTOC TNV ELYE TO UDEO-
Y6vo amd nhextpohlon vepol (e 3000 evpdd/T6vo), 0 atpde udniic tieong (ue
6.86 eur/GJ), n nhextpid evépyeto (e 100 evpcd/ MWh), xadide xou to udmié
néyio x6otog (IIK). To épyo eviéhet tav oxovouxd un Pudciuo o OAEC Tig
TEQLTTWOELS, UE THéS Tne xadopnc mapovoag afiog (KITA) mou xuyaivovtay and
-1.3 €we -1.7 SoexaToupdpLo VR Yol Lot cLUVoAxT| dtdpxeta (ong 20 eTmv.

QoTt600, hapfdvovtog unddn TiIC TEOBAETOUEVES TYES TOU UBPOYOVOU, TOU Nhe-
%Tpiopo0, Tou Slogeldlou Tou dvipaxa xat TNg uedovorng, Teoyuatomotinx e uLo
avdAuon tecodpwy oevopiny Y to étog 2050 xou wévo yio Ty IIM2 (n TIM1
oev ebvan Brdoiun oo péhhov Aoy g uPnArg a&lomoinoric 0pUXTEOY XAVCIUWY
xou 1 IIM3 efvor o Sanavney| and to IIM2):

1. H tyy v 10 ubpoydvo oplotnxe otor 1000 evpdd/tévo, o 1o Brogeldio
oL Gvipaxa otar 34 eVptd /TOVO xou yior TV NhexTEX evépyeta ot 20 eu-
ow/MWh. H tun vexpol onueiov tne pedavorne xatéinie vo eivar 1986
eup®/Tévo, UPnhdTepn and T exT®PEYY (Bnhady|, 630 cupd/Tévo).

2. M avéhuorn tng enidpaong g owovouiog xApoxag mou odfynoe o
undevixr KITA yio duvopixétnta 3500 yhotdvvoug/étog (avitoto 6plo
Yoo TNV ooy Y WEVavoAng o Broumnyovixd] xAdoxo GUUPWVL UE TN
BiBhoypapio) xou tyay| uedavorne lon pe 1700 eupdd/tévo.

3. Mo avéhvon evoncdnotog yio Ty mdav peiwon tou IIK (10-40%) Aoyo
e €ZEMENS TN WEWOTNTIC TNG TeYVoloylag. Xenowonotinxay ot e-
ATYOUEVES TWES TROTOV VAWV, NAEXTEWXNS eVERYELAS xat uedavOrng Tou
2050. H KITA aw&rhinxe, ahhd dev ftay méve omd To UndEV yLo OmoLo-
onrote peiwon IIK.

4. Téhog, vhomo\inxe wa cuvépyYEld OAWY TV Tapandve. Ilo cuyxexpl-
UEVA, 1) TWH TEOTOY UAGY xon nAextec evepyelog tou 2050, uio du-
vaeotnta 3500 ythotdvvev/étoc pedavorne xon 40% peiwon tou IIK



AOY® PEAROVTIXAC WEWOTNTAS TNS TEYVohoyiag eEAfpdnoay unddn yio va
Beelel n vexeh tun g uedavorne (KIIA =0), ion pe 1674 cupdd/tévo
(16% yewwpévn oe obyxpton pe Ty opytx)| Tur vexpol onueiou tou 2050
-1986-, ahhd upmioTepn omd TV extiuwuevy -630-).

Téhoc, ol 1odUvoues exnounéc dlolewdiou Tou dvilpaxa OAWY TWV BLEPYUCLOY
unohoyiotnxay ioeg pe 1.94, 1.44 xou 1.43 kgco,—eq/kSMeom Yot Tic IIM 1, 2
xan 3 avtiotorya. Autég ol Tiég fTav cuyxplowes pe Tic BiBAoypapxéc xan
OE OPIOUEVES TIEQLITTWOELS OO0 X0 YUUNAOTERES amd auTég (Yiar mopdderypa,
5.55 kg0, —eq/kEMeon 0TNY TERITTWON NAEXTROYNUXAC Lelwong Tou SloZetdiou
Tou dvipoxa xou 12.5-19.8 otn yedodo pepinnc oEsiSwong/avapépcp(oong uedo-
viou pe atpd oylotohhixol agplov). Xuvohxd to €pyo umopel va Yeweniel
Un XEE00PORO G GNUEELVY Otxovould, GAAS BuVNTIXS BLiotuo 6T UeEAROVTIXY
«TEACLVIY OOVou{dL.

AéZeic-Khewdud: déopcuon xan ypnotonolnor tou dvipoxa: Ener| avauoppemaon
uedaviou: aéplo olvieonc-oe-uedavorn uedovorn LdpoyYdVWOT Bloeldiou dv-
Yoaxo LBEOYOGVKGT) LOVOZELBIOL dvipoxa EENAEXTEIOUOC" UXEOXOUATO TEY VO-
OLXOVOUIXT) AVAAUCT) EXTIOUTES dv¥pana
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Chapter 1

Introduction

1.1 Environmental regulations and carbon uti-
lization

Climate change has become a major concern in recent years due to its impact
on the economy, society, and the environment. As a result of human activity-
related increases of greenhouse gases (GHGs) in the atmosphere, the Earth’s
temperature has risen, endangering life as we know it on the planet. Carbon
dioxide (COy) is the primary GHG responsible for this, as it absorbs infrared
light and creates warming effects. Human activities have already contributed
to a global warming of 1.0 degree Celsius above the pre-industrial levels, and
if present CO, emissions continue, the temperature will rise to 1.5 degrees
Celsius by 2030. Efforts to limit climate change were launched in 1992 at
the United Nations Conference on Environment and Development (UNCED)
in Rio de Janeiro. The Paris Agreement in 2016 was a watershed moment
in global climate change efforts, with leaders from 195 countries pledging to
tackle climate change and keep global warming well below 2 degrees Celsius,
compared to the pre-industrial levels by the end of the century. The Paris
Agreement Rulebook was agreed as a milestone in implementing the Agree-
ment during the Katowice Climate Summit (COP-24). The International
Panel on Climate Change (IPCC) proposes keeping CO, emissions at 25-30
gigatonnes (Gt) per year to accomplish the goal of limiting global warming
to 1.5 degrees Celsius by the end of the century, which is much lower than the
present levels of 58.3 Gt per year. The leading carbon emitting sector is En-
ergy Systems (20.9 Gt per year), with coal generated electricity constituting

17



half of it. The industrial sector is next, accounting for 13.8 Gt of COs-eq in
2023. Figure[I] compares the future carbon emissions in the business as usual
scenario, i.e., in case of continuing to produce CO, with today’s rate (current
trends), with the case of achieving the emissions’ reduction goals (sustain-
able development scenario). The European Commission has put
forward the European Green Deal (an investment of 600 billion euros), which
is a series of measures designed to reduce net greenhouse gas emissions by
at least 55% by 2030 compared to 1990 levels. The target is 40% of EU’s
energy supply to be generated from renewable sources, which implies that
the adoption of renewable fuels in industry is crucial. The Green Deal also
involves achieving climate neutrality and a circular economy by 2050 (Net
Zero Emissions Scenario - NZE), which would necessitate full industrial mo-
bilization. All industrial value chains, particularly those in energy-intensive
industries, must strive towards low-emission technology, as well as sustain-
able goods and services. Wind and solar power, for example, could help
reduce CO, emissions related to electricity generation. Furthermore, carbon
capture technologies could capture CO, emissions from industrial operations
(i.e., stationary points) before they get released into the atmosphere.
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Figure 1: Carbon emissions through time and by measure of NZE in three
cases: No climate policies, current policies and pledges & targets.
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Carbon capture technologies could be utilized to reduce the quantity of
GHGs emitted into the environment, helping to alleviate the effects of climate
change, while also creating new revenue streams and financial opportunities
and promote sustainable development. CO, utilization is the process of ab-
sorbing carbon dioxide emissions and utilizing them as a feed-stock to create
value-added goods. Carbon capture and storage (CCS), carbon capture and
utilization (CCU), and direct air capture (DAC) are all methods that may be
employed to make use of COy. Carbon Capture and Storage (CCS) generally
consists of three steps: capture and compression of emissions from industrial
operations or power plants, transport, and storage to a location, where it is
injected into deep geological formations or other long-term storage facilities.
One example of CCS is the Sleipner project in Norway, where the CO5 from
natural gas production is captured and injected into a saline aquifer beneath
the North Sea. Since 1996, the Sleipner project has successfully stored more
than 20 million tonnes of COq. [1] Carbon Capture and Utilization (CCU)
involves capturing CO, emissions from stationary points i.e., chemical indus-
try, power plants etc. and using them directly as a carbon source for the
production of value-added products. The direct use of COs, as it appears in
Figure [2] is mainly as a yield booster in various processes, as a solvent and
as a heat transfer fluid. Figure [2] also shows the wide range of CO,-derived
products such as synthetic fuels like methanol, various chemicals as urea and
polycarbonates, building materials like concrete and aggregates and minerals
(eg. carbonates and silica). [1] [2]
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1.2 Methanol usage and production

Methanol, also known as methyl alcohol, carbinol or wood alcohol, represents
one of the most important chemical raw materials. It has the chemical for-
mula CH3O0H, a molecular weight equal to 32.042 g/mol and is often referred
as MeOH. In particular, methanol is a colorless, flammable and toxic, neutral
and polar liquid that is miscible with water, alcohols, esters as well as most
other organic solvents, while being only slightly soluble in fat and oil. Due to
its polarity, methanol dissolves many inorganic substances, especially salts.
[7] [8] MeOH is readily biodegradable, meaning that it can be broken down
and metabolized by microorganisms, reducing the risk of its accumulation
in the atmosphere, water, or ground. In general, methanol production does
not generate significant environmental problems. Residues and byproducts
produced during methanol production are often utilized or processed. [8] It
is the simplest aliphatic alcohol and is widely used as a feedstock, solvent,
or cosolvent as a C1 building block for the production of various chemicals
and materials, such as intermediates and synthetic hydrocarbons, including
single-cell proteins and polymers. Most of the methanol produced worldwide
is consumed in the production of formaldehyde, MTBE, and acetic acid, as
well as other chemicals such as methyl and vinyl acetate, methyl methacry-
late, methylamines, and fuel additives, according to the distribution in Figure
. [7] In addition to the adhesive, paint, silicone, pharmaceuticals, wood, and
automotive industries, where methanol is traditionally used, in recent years
it has increasingly found application in the energy sector, as an alternative
fuel or fuel additive for vehicles, boats and aircrafts. |9] In particular, in 2022
the demand for methanol as a fuel blend component (in gasoline, biodiesel
and DME) reached 17 million metric tons. [10]
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[10]

Regarding the methanol Market, over 90 methanol plants worldwide have a
total output capacity of approximately 110 million metric tons (Figure (3.
The Methanol Institute (MI) maintains records of more than 80 renewable
methanol projects throughout the world, which are estimated to produce
more than eight million metric tons of e-methanol and bio-methanol annually
by 2027 (Figure E[), as it will be discussed below. [10]
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[10]

Currently, primarily driven by economic considerations, methanol produc-
tion relies heavily on fossil fuels. Approximately 65% of methanol production
stems from natural gas reforming (referred to as grey methanol), with the re-
maining 35% predominantly sourced from coal gasification (known as brown
methanol). Nevertheless, methanol can also be generated from alternative
carbon sources like biomass, by-product streams, or even carbon dioxide de-
rived from various origins, including industrial emissions or DAC. Methanol
derived from biomass such as biogas, forestry and agricultural waste, munic-
ipal waste and black liquor from the pulp and paper sector is typically called
bio-methanol. On the other hand, when produced from carbon dioxide and
green hydrogen produced using renewable energy, it is commonly referred
to as "e-methanol”. A classification of methanol regarding its origins
is presented in Figure o Given that methanol could be produced utilizing
"green” energy and a feedstock of renewable sources as well as captured car-
bon dioxide, these processes could potentially result in both a closed carbon
cycle and a scalability that does not truly have an upper limit. It could
drastically reduce the fossil fuel carbon footprint associated with transporta-
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tion due to its simplicity of synthesis and wide variety of source feedstocks.
Compared with gasoline, methanol creates an improved braking thermal
efficiency in combustion systems and even though it emits hydrocarbons at a
level comparable to gasoline, due to the way it burns and the fact that it only
consists of a single carbon per molecule, it emits much less nitrogen oxide and
carbonaceous particulate matter than long-chain hydrocarbons (a character-
istic it shares with methane), which leads to being extremely clean burning.
Furthermore, methanol has a higher octane rating than gasoline (109 com-
pared to 80 - 98 respectively) resulting in a higher antiknock performance.
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Figure 5: Proposed classification of methanol from various feedstocks.
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Historically, methanol production processes have existed since the 1660s.
Paul Sabatier, who used metal-based catalysis to hydrogenate a wide range
of functional groups, made a major contribution to its development. BASF
(Germany) synthesized methanol in 1923 through a metal-based catalytic
hydrogenation method at high pressure (25 - 35 MPa and a temperature
of 300 - 450 °C). This technique had been the dominant technology for
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almost 45 years, until the 1940s when industrially methanol production from
electrolytic hydrogen and COs began. Soon after, the invention of the steam
methane reforming (SMR) process, which produces syngas (a combination
of Hy, CO, and CO,) using Ni-based catalysts, made it possible to produce
methanol at less harsh temperatures and pressures, such as 300 °C and 100
bar. This was the primary idea behind the "ICI process” proposed in 1966.
[8] [7] [13] Figure|[6]illustrates the methanol production processes through the
years. Some other processes that were developed for methanol production,
such as the oxidation of hydrocarbons and the Fischer - Tropsch synthesis
according to the Synthol process are no longer applicable, especially on an
industrial scale. [7] [9] [12]
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Figure 6: Methanol production milestones throughout history.
[7

The choice of the starting materials for the methanol synthesis is made con-
sidering the economy, the energy consumption (usually using the Specific
Energy Input), the long-term availability as well as various environmen-
tal concerns and regulations. The most common route of the formation
of methanol is from synthesis gas and the basic processes that take place
are: 1) the production of synthesis gas 2) the conversion of syngas into crude
methanol and 3) the purification (distillation) of crude methanol to achieve
the desired purity. [7] [9] [8] [12] The two main state-of-the-art routes for
methanol production from syngas are: 1) natural gas to methanol via steam
methane reforming (SMR) and 2) coal to methanol via coal gasification. In
SMR, steam is combined with natural gas (mainly methane) in the presence
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of a catalyst, which is often a blend of copper, zinc oxide, and alumina,
for them to be catalytically cracked (700 - 1000 °C and 3 - 25 bar) in the
absence of oxygen (Equation [I). [7] [8] [14] In general, steam methane re-
forming presents numerous significant drawbacks. The process demands an
abundance of superheated steam at elevated temperatures, leading to con-
siderable operational expenses. Additionally, the process itself is highly en-
dothermic, necessitating temperatures often exceeding 800 - 900 °C, which
accelerates catalyst deactivation. To fulfill the energy requirements for the
endothermic process, fuel combustion is typically employed, resulting in no-
table COy emissions. [15] For the coal to methanol route, coal is mixed with
oxygen coming from Air Separation (AS) and steam as gasifying agents and
under high temperatures (400 - 1500 °C and 5 - 80 bar pressure) syngas is
produced (Equation . Because this syngas contains low levels of hydrogen,
the Water-Gas Shift reaction must take place right after (Equation [3)). [7]
8] [16]

3C + go2 + HyO 4 200 + Hy + COy (CG) 2)
CO + HyO < COy + Hy (WGS) 3)

An important index for the smooth operation of methanol synthesis reactor,
via the syngas route, is the stoichiometric number, S, given by the ratio of the
difference between hydrogen and carbon dioxide moles, and the summation
of the moles of CO, and CO (Equation [4)). [§]

[Ha] — [CO,]

=[O+ [COy

(4)

The stoichiometry number should have a value of 2.0. Values greater than 2.0
indicate a surplus of hydrogen, while values less than 2.0 signify a deficiency
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of hydrogen in relation to the stoichiometry of the methanol reactions. When
syngas is created by natural gas reforming, an S value of 2.8 - 3.0 is often
obtained. The syngas to methanol route can be described by the following
equilibrium reactions (Equations , @ and, which take place at a pressure
of 50 - 100 bar and a temperature of 200 - 300 °C.

Hydrogenation of carbon monoxide:
CO +2H, <> CH30H (AH = 100.46kJ/mol) (5)

Divided into two steps:

Hydrogenation of carbon monoxide:
Hydrogenation of carbon monoxide:

Hydrogenation of carbon dioxide:

COy + 3H, +» CH3;0H + H,O (AH = 61.59%.J/mol) (8)

In addition to the two methanol-forming reactions, the reverse water-gas shift
reaction) must be considered (Equation [J)).

As a typical heterogeneously catalyzed reaction, the synthesis of methanol
may be explained by an absorption - desorption process (Langmuir - Hin-
shelwood or Eley - Rideal). Currently used low-pressure catalysts consist of
copper oxide and zinc oxide with one or more stabilizing additives such as
alumina, chromium oxide, or mixed oxides of zinc and aluminum. Because of
these catalysts’ high activity, the reactions can occur at 220 - 230 °C and 50
bar, with a selectivity of 99.5%. [8] Some studies suggest even lower pressures

such as 30 bar and 250 °C, using a bimetallic Cu/Zn0O/Al,O5. |17] A high
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dispersion of active sites supported by structural promoters is required for
low-pressure methanol synthesis. Catalytic stability is important for indus-
tries. Methanol synthesis catalysts typically have a lifetime of 2 to 5 years,
with the right use. Deactivation of the catalyst may happen due to over-
heating during operation. This thermal damage may happen after the use of
recycled gas compositions that are out of the optimum range, incorrect tem-
perature control, or overloaded catalyst in the startup phase, which results in
sintering, i.e., decrease of catalyst active surface area. Furthermore, catalyst
poisoning could happen because of the presence of impurities in syngas, such
as chlorine- and sulfur-containing contaminants. [7] [9] [12]

Apart from the coal and natural gas to MeOH routes, there are other ways to
produce syngas such as the partial oxidation of natural gas, where cracking
occurs without the use of a catalyst, and the autothermal reforming (ATR)
of natural gas. In addition, syngas may be produced by the dry reforming
of coke oven gases (COG), a byproduct of coking plants, over an activated
carbon used as catalyst. Furthermore, the gasification of biomass inside a
gasifier produces gaseous products, which consist of biogas (CH, and COs),
syngas (Hz, CO5 and CO), pure hydrogen, and alkaline gases. This gaseous
mixture could be considered a form of syngas but not with the quality re-
quired for methanol synthesis. [7] [8] [9] |12] Lastly, a promising synthesis
route is via Dry Reforming of Methane (DMR). This method has gained
interest because of its potential to utilize common low-cost natural gas or
biogas, while reducing the carbon footprint. The two main greenhouse gases
(COy and CHy) react at elevated temperatures (800 - 1000 °C), where COq
is used as oxidizing agent. The reactions that occur are Equations (con-

sisting of Equations [L1] and [12)), [13|and [14] [18] [19] [20] [15]
Global DMR Reaction:

COy + CHy ¢+ 2C0 + 2Hy (AH = 247k.J /mol) (10)

Intermediate Steps:
Methane Cracking;:

Carbon Gasification:

COs +C 200 (AH = 172k.J /mol) (12)
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Side Reactions:
RWGS reaction:

Boudouard reaction:

200 < COy + C (AH = —171kJ/mol) (14)

This high temperature required has twofold significance: it is needed for
the activation of the two gases and also reduces any catalyst deactivation
issues caused by carbon deposition. That said, the greatest barrier to indus-
trial DMR application is the lack of commercial catalysts that confer high
efficiencies and are at the same time capable of operating at these temper-
atures, without being thermally damaged due to metal sintering. The most
active elements for the DMR catalysis are reported to be nickel and noble
metals (such as Pt, Ru, and Rh) when coupled with a variety of supports,
including Al,Os, Las0s, Y5053, ZrOs, TiOs, M gO, Si0O4, carbon, and zeolites.
Noble metals have great activity and resistance to carbon and coke formation,
but their high cost is the principal constraint to their industrial deployment.
Nickel-based catalysts, on the other hand, are more “industrial-friendly”, but
deactivation concerns arise as a result of sintering and carbon deposition on
Ni sites under reforming conditions. Apart from the catalysts’ research, the
high energy demand of the DMR process has led to research of alternative
heating methods, such as the use of microwaves. [19] [20] [15]
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1.3 Industry electrification - Microwave ap-
plications

The global push towards renewable energy sources (RES) to address carbon
emissions, as mentioned on Section has led to a transition from tradi-
tional fossil fuels to electricity in various sectors like transportation, heating,
and industry. Wind turbines (WT) and photovoltaic panels (PV) are the
RES that are predicted to see the largest growth globally. [21] [22] This
transition is often mentioned as ”Electrification”. In the Net Zero Emis-
sions (NZE) by 2050 Scenario, electrification is one of the key approaches for
decreasing CO, emissions from energy, only when it is combined with elec-
tricity that originated from RES. As the utilization of electricity continues
to rise, it brings additional adaptable capacity to the power grid, helping to
manage the challenges associated with incorporating fluctuating renewable
energy sources. [22] Share of electricity in total final energy consumption has
increased at an average annual growth rate of 1.7% from 2016 to 2022, with
the biggest rise (4.5%) occurring in 2020. In order to meet the NZE Scenario
milestones, the percentage of electricity in total energy demand must rise
by 4% every year. This means, that by 2030, 30% of the industrial sectors
must be electrified. [22] Today, only 9% of the energy utilized in industry
comes from renewables or biofuels, while the rest is fossil fuel based. In-
dustry areas that require lower-temperature heat applications, such as food
processing, paper manufacture, and light production, are actively adopting
electrification technology. This is facilitated by the integration of industrial
heat pumps and electric arc furnaces. [21] In addition, hydrogen generated
through electrolysis represents an indirect mode of electrification and holds
significance for certain segments of heavy industry. Although costs are an-
ticipated to remain higher compared to direct electrification, its primary
application lies in high-temperature procedures where direct electrification is
not feasible. [22]

In the context of industrial electrification, chemical industry has been investi-
gating, among others, the development of a large variety of electricity-based
chemical reactors, such as electrocatalytic reactors, electrolyzers, plasma-
based and microwave-assisted reactors. [23] [24] The first microwave-assisted
processes were reported in 1986 and since then this technique has found
application in various sectors such as food processing, polymer curing, ster-
ilization, drying, material synthesis and chemical reactions. [15] [25] Rapid
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and selective microwave heating has been shown to increase the performance
of heterogeneous catalytic processes and has various advantages over con-
ventional heating, including non-contact, fast, and selective heating, rapid
heating start and stop, increased safety and ease of automation, elevated
heating rates, better heating control, faster reaction rate, better product dis-
persion, lowered equipment size, and improved energy efficiency. [19] [15] [18]
[20] Microwaves, whose wavelength ranges from 1 m to 1 mm corresponding
to a frequency range of 0.3 - 300 GHz, create an alternating electromag-
netic field as they pass through a material. Polar molecules try to align
with the changing electric field produced by microwave radiation resulting
in fast rotation in this field. When using microwave reactors, the primary
effect that occurs involves thermal influences, which stem from dielectric
heating. This effect arises due to the molecular dipoles endeavoring to align
with the changing electric field produced by microwave radiation (Figure [7)).
This alignment generates friction and collisions that lead to heat generation.
Consequently, heat is diffused from the molecules themselves via molecular
friction and dielectric loss, leading to a more even thermal distribution. Fol-
lowing this, secondary thermal phenomena such as conduction, convection, or
radiation might appear. However, for materials like heterogeneous catalysts
(e.g., those containing metal nanoparticles on a carbon base), the generated
heat can accumulate within these solids, potentially causing overheating or
hotspots, which might lead to catalyst sintering and occurrence of unwanted
reactions. The capacity of the catalytic material to absorb microwave energy
(i.e., to get effectively heated by microwaves) is one of the fundamental deter-
minants influencing the magnitude of these effects. As a result, it is critical
to test the dielectric characteristics of catalytic materials under actual pro-
cess circumstances to determine their sensitivity to microwave heating [15]
29
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Figure 7: Depiction of thermal microwave effect where heat dissipates from
the friction of molecules induced by microwave irradiation.

[15]

As mentioned in Section [1.2) DMR is a highly endothermic process, due to
the high thermal stabilities of its reactants. The high energy demand of
the DMR and at the same time the shift to electrification of the chemical
industry, have led to research of non-conventional heating methods, such as

the use of microwaves. Various studies have been conducted, some important
of which are presented on Table
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Table 1: Catalytic performance of different catalysts recently applied in
microwave-assisted dry reforming of methane (DMR).

Catalysts used CH,;/CO; ratio T (oC) VHSV (ml/g.; h) CHy conversion (%) CO, conversion (%) Hy/CO ratio References
Carbon-based catalysts

Char 1.0/1.0 800 332 82 98 0.66 26| 127
Bio-char 1.0/1.0 800 1200 12 4 - 28]
Filtracarb FY5 1.0/1.0 800 320 70 79 0.8 28]
FY5 (Activated carbon) 1.0/1.0 700 400 96.2 97 - 29
FY5 1.2/1.0 800 290 60 80 - 30,
Metal-based catalysts

40%Ni/CeOy 1.0/1.0 850 10,200 68 - 1.47 31
2%Cr-40%Ni/CeOy 1.0/1.0 850 10,200 76 - 1.45 31
12%Fe/Al,05-SiC 1.0/1.0 750 1200 93 92 0.98 32
Nigs50Mgo.212AL0 255Pro0550  1.0/1.0 120,000 600 50 61 1.25 33
Mixing metal catalysts with microwave-absorbing materials

FY5+Ni/Al O3 1.0/1.0 800 1500 90 98 - 34
CQ+Ni/AL,O4 1.0/1.0 800 1500 84 92 - 34
Ni/FY5 1.0/1.0 800 1500 85 100 - 34
FY5+cFee 1.0/1.0 800 680 2 93 - 35
10%Ni/bio-char 1.0/1.0 800 1200 84 89 0.54 36
Char+Ni 1.0/1.0 975 2400 87 93 - 37 |38
5%Fe-C 1.0/1.0 900 7200 95 99 1.01 39,
10%Fe-C 1.0/1.0 900 7200 98 100 1.02 39,
Perovskite catalysts

7Ru/SrTiO5-MW-1h 45/55 500 9000 99.5 94 0.9 20,

The synthesis, characterization, and use of ruthenium-doped SrTiOj3 per-
ovskite catalysts for microwave-assisted DMR, were the topic of a recent
research by Gangurde et al. [20]. The catalysts were created using con-
ventional and microwave-assisted (MW) hydrothermal techniques, with the
latter achieving a quicker synthesis time and lower temperature. The 7 wt.%
ruthenium-doped SrTiOj3 catalyst demonstrated the finest dielectric char-
acteristics and was tested for MW-assisted DMR. The authors found that
a CH4:COy vol.% feed ratio of 45:55 maximized methane conversion, at-
taining 99.5% and 94% CH, and CO, conversions, respectively, during a
3-hour stability test at 9000 cm®/g.sh GHSV. [20] The experiments took
place within a custom-designed microwave reactor system that was specially
built for this purpose. A catalyst-loaded quartz tube, 290 mm in length and
8 mm in inner diameter, was introduced into the microwave reactor setup,
depicted in Figure [§] To monitor temperature at specific locations, two N-
type thermocouples (able to measure temperatures from -200 to +1250 °C)
were strategically positioned at both the upper and lower segments of the
catalyst bed. A microwave generator operating in solid-state mode (Mini-
flow 200 SS, 2.45 GHz) was employed to deliver microwave energy to the
catalytic bed. [24] [20] A similar microwave reactor setup is presented in
Figure @ The most significant single-unit continuous wave (CW) microwave
generator, known as a magnetron, has a limitation in terms of its maximum
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power output: 15 kW at a frequency of 2450 MHz and 100 kW at 915 MHz.
Generators operating at 2450 MHz, which have been in production for sev-
eral decades (e.g., household microwave ovens), offer several advantages such
as relatively high power capacity, durability, cost-effectiveness, and the com-
pact size of MW components. Due to the high temperatures that can be
reached inside the reactor, the choice of the reactor material becomes critical
for successful MW operation, necessitating three key characteristics: (1) a
high melting point to withstand high-temperature conditions; (2) resistance
to thermal shock; and (3) transparency to microwave, meaning it shouldn’t
absorb or reflect microwave energy. Thus, materials like ceramics (particu-
larly alumina-based) and aluminum oxynitride (with a melting point above
2000 °C) can be considered for constructing larger MW reactors. Although
all experiments regarding the MW-assisted DMR process where conducted
in a lab-scale, there have been some pilot-scale units (MW-assisted coal gasi-
fication and biomass handling) that opened the way for the development of
medium-plants. [23]
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Figure 9: Schematic drawing of the single-mode MW-assisted DMR reactor.
Where 1 is input power control unit, 2 is magnetron, 3 is manual two-tub
unit, 4 is waveguide, 5 is optical pyrometer, 6 is water sink, 7 and 8 are re-
flected and transmitted power control, respectively, 9 is inflow gas line, and
10 is quartz reactor-jacket and catalyst/microwave receptor. The schematic
drawing of object 10 is inserted at the left side where 11 is outflow gas
line, 12 is quartz reactor, 13 is quartz jacket, 14 is porous plate, 15 is cata-
lyst /microwave receptor bed, and 16 is microwave radiation

[28]
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1.4 Biogas as an alternative fuel

Given that worldwide energy demand has grown, while conventional energy
sources such as crude oil, coal and natural gas are fast decreasing, the turn
to renewable sources for energy production, such as biogas, biomass, wind
and solar, is crucial. Due to biogas’s relatively high composition in methane
(40 - 75%) [40] can be used as feedstock for syngas production in the context
of power-to-chemicals [41], the global direct use of biogas was estimated to
be about 45 Mtoe (million tonnes of oil equivalent). Currently, Europe and
North America account for more than 60% of biogas production capacity.
Europe, being the biggest biogas-producing region, has over 20,000 biogas
plants, the majority of which are located in Germany. Most of them have
been developed for on-site generation and co-generation of electricity, with
around 500 plants completely dedicated to biogas upgrading. Both the Stated
Policies Scenario (STEPS) and the Sustainable Development Scenario (SDS)
anticipate a significant increase in the production of biogas for direct use,
exceeding twice the current levels and reaching approximately 75 Mtoe by the
year 2040. (Figure The majority of this expansion arises from centralized
facilities that rely on agricultural and municipal solid waste as feedstock. [6]
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Biogas is a versatile and sustainable renewable energy source created by mi-
croorganisms decomposing organic materials (food wastes, cellulosic biomass,
and animal waste) in the absence of oxygen, a process known as anaerobic
digestion. This natural process happens in plenty of anaerobic environments,
including landfills, wastewater treatment facilities, and biogas plants. Apart
from methane, biogas also includes carbon dioxide and trace quantities of
other gases, such as hydrogen sulfide, ammonia and water. Table [2| shows
the composition ranges of plant-produced biogas, landfill gas and natural
gas. [42] [40] [43]

Table 2: Composition of biogas, landfill gas and natural gas.

[40] [43]
Component Biogas  Landfill Gas Natural Gas
Methane (%) 40-75 35-65 87-97
Carbon dioxide (%) 25-55 15-40 0.1-1.0
Hydrogen sulfide (ppm) 50-5000 0-100 NA
Ammonia (%) 0-1 0.0005 NA
Water (%) 0-10 15 NA
Nitrogen (%) 0-5 15 0.2-5.5
Oxygen (%) 0-2 1 0.01-0.1
Hydrogen (%) 0-1 NA traces-0.02

Landfill gas has various disadvantages regarding its use for industrial pur-
poses such as large composition variations due to differences in sources of
municipal solid waste, low efficiency of gas collection at landfills, fluctuating
gas production leading to unstable gas supply for industrial processes and
questionable long-term sustainability. [44] [45] Compared to natural gas, bio-
gas includes a high composition of carbon dioxide. This fact makes biogas
a great candidate for feedstock in Dry Methane Reforming. The only down-
side is that it contains certain impurities that must be eliminated, the most
significant of which is the hydrogen sulfide (HsS). (HyS) removal is necessary
to ensure the safe utilization of biogas and to prevent damage to downstream
equipment and infrastructure due to the corrosion hydrogen sulfide causes to
the metallic parts of engines, pipes, pumps, compressors, gas storage tanks
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etc. Almost all metallic catalysts like Ni, Fe, Co catalysts and some plat-
inum or palladium-based hydrogenation and reforming catalysts are poisoned
by hydrogen sulfide. Furthermore, because it is a colorless, combustible gas
with a rotten egg odor, it may be detected at low concentrations ranging
from 0.0005 - 0.3 parts per million (ppm). However, in high concentrations,
a person’s sense of smell may be lost, posing a major risk to people’s health
due to mistaken assumptions that it is no longer present. Regarding human
health, there is loss of smell, acute respiratory problems, eye discomfort,
and loss of consciousness at concentrations of 100 - 1000 ppm, with instant
mortality over 1000 ppm. Lastly, HsS is potentially hazardous to the envi-
ronment since it may be transformed to sulfuric acid, resulting in acid rain.
When H,S is emitted as a gas, it lingers in the atmosphere for an average
of 18 hours before being oxidized to sulfur dioxide (SO3) and sulfuric acid
(HoSOy). |46] |40] [47] [43]

Therefore, there is an emerging need of biogas desulphurization in order to
be utilized industrially. The permitted level of HsS in a gas stream is deter-
mined by the end use and the applicable regional regulations. For example,
pipeline gas in the United States and Denmark must have an HyS level of 4
ppm, but reformer and fuel cell applications often demand it to be less than 1
ppm. Desulfurization procedures are essentially divided into two primary cat-
egories: physicochemical techniques and biological techniques. Furthermore,
they can be classified as microbiological procedures, chemical absorption,
membrane separation, cryogenic distillation, advanced oxidation processes,
adsorption processes using clay materials, zeolites, metal-impregnated silica,
raw and modified activated carbons, etc. (Figure Biological desulfur-
ization employs microorganisms to convert sulfur compounds into elemental
sulfur, offering an environmentally friendly approach with relatively low op-
erational costs. However, this method requires extended retention times for
optimal sulfur removal and can be influenced by fluctuations in process condi-
tions. Chemical absorption achieves high efficiency in sulfur removal and can
accommodate diverse sulfur compounds and varying gas flow rates. Nonethe-
less, it involves chemical consumption, leading to operational expenses, and
generates chemical waste that demands proper treatment. Membrane sep-
aration provides continuous sulfur removal and can handle diverse gas flow
rates. Nevertheless, it requires an initial investment for membranes and as-
sociated equipment, and its efficiency might be affected by gas composition
and pressure variations. Cryogenic distillation and advanced oxidation pro-
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cesses have really high overall cost and therefore are not industrially-friendly.
Lastly, adsorption is effective for removing even low sulfur concentrations and
allows for the regeneration and reuse of adsorbents. Some of these solids have
high selectivity, meaning that HsS can be adsorbed without the simultaneous
adsorption of other gases like CO,. This is an extremely important advan-
tage in the case of using biogas as a feedstock for DMR, given that a molar
ratio of around 1:1 needs to be obtained. The only disadvantage is that solid
adsorption necessitates frequent replacement or regeneration of adsorbent

materials. Some of the most important and efficient

solids for the adsorption of hydrogen sulfide are presented in Table [3]

Absorption

Adsorption

.

Electrochemical
Membranes
= Processes

R -

Advanced Oxidation
Processes

Biological Methods

Figure 11: The main techniques for biogas desulphurization.

[48]
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1.5 Concept description and Main scope

In this work a DMR-MEOH plant producing around 100 ktonnes/year of
methanol (99.5% purity) was developed in Aspen Plus V11. In this unit,
the first subunit was a Dry Methane Reformer that produced syngas. This
syngas, after reaching the desired conditions and composition with the ad-
dition of hydrogen (derived from electrolysis), was inserted in the CO/CO,
hydrogenation reactor. The methanol that was produced from the latter was
purified by removing any impurities in a distillation column. Three case stud-
ies were investigated regarding the feedstock as well as the heating utility of
the DMR reactor. Firstly, a scenario of a pure feed of methane and carbon
dioxide (captured) with conventional reactor heating (fossil fuels) was set as
a base. Then, in the context of the Electrification of the Chemical Indus-
try, a scenario of Microwave-assisted reactor was developed. Lastly, in an
effort to replace fossil fuels with renewable materials, biogas was considered
as a feed for the MW-assisted catalytic DMR reactor. Due to the high HyS
composition of biogas, a desulfurization system was placed before the DMR
reactor. The methanol production and purification processes were kept the
same in all three case studies.

The main goals of this work were:

e Detailed modeling of all the processes in Aspen Plus V11 software,
based on literature data.

e Optimization of the developed synthesis setup and applied process con-
ditions.

e Design of a Heat Exchanger Network by application of pinch analysis.

e Implementation of an economic study and investigation of the viability
of the plant under current market conditions. Conduction of a series
of sensitivity analyses to understand the barriers of viability.

e Configuration of a preliminary greenhouse gases’ emissions estimation.

e Overall comparison, regarding the energy demand, the total cost, and
the environmental impact, between the three scenarios, as well as some
state-of-the-art processes for methanol production, retrieved from the
literature.
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Chapter 2
Method

2.1 Model description

This work focuses on the development and determination of a methanol pro-
duction unit with a capacity of around 100 ktonnes/year of methanol (99.5%
purity). Three case studies were developed regarding the syngas production:
DMR with conventional heating and a pure feed of CO5 and CHy (base case),
DMR with microwave heating and a pure feed of CO, and CHy and lastly
DMR with microwave heating and biogas feed. In all three cases the methanol
production and purification steps are exactly the same, while the difference
arises in the syngas production step. These abovementioned processes were
designed using the software Aspen Plus V11. In order to minimize the to-
tal cost (materials, utilities, etc) these processes were optimized regarding
the conditions (pressure & temperature), the recycle and purge of streams,
and the total energy demand (heat integration). Furthermore, an economic
analysis was performed for each case study, as well as a sensitivity analysis
regarding the prices of electricity and hydrogen in order to investigate the
feasibility and viability of the unit. The three case studies were compared.
A comparison was also conducted between these scenarios and some state-of-
the-art processes for methanol production, such as natural gas-to-methanol,
coal-to-methanol and biomass-to-methanol.
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2.1.1 Case study 1: Conventional DMR with pure feed

For the first case study a dry methane reforming unit was developed in Aspen
Plus. The thermodynamic model that was chosen was the cubic equation of
state Peng-Robinson, given that it generates accurate results for light gases
even in high temperatures and pressures and that there are no polar mixtures
in the processes. The feed consisted of pure CO5:CHy 55:45 molar ratio [20]
at 20 °C and a pressure of 1 bar. This feed was preheated to 500 °C and then
inserted to the DMR reactor. The reactor was simulated using the RGibbs
unit in Aspen Plus. The desired conversion was 99.5% of methane. The
pressure was kept at 1 bar (most usual pressure for DMR [79]) and in order
to find the temperature that produce this conversion a sensitivity analysis
was conducted. As it appears on Figure (Appendix) the temperature
must be 900 °C. Bimetallic and monometallic (Ni) catalysts are preferred
compared to noble metals due to their low-cost. An appropriate catalyst for
these conditions is Ni on Al,O3. [79]

2.1.2 Case study 2: MW-assisted DMR with pure feed

For the second scenario, Gangurde’s et al. research was used as a literature
base [20]. The feed consisted of pure CO2:CHy 55:45 molar ratio [20] with a
temperature of 20 °C and a pressure of 1 bar, just like in the first case study.
Reactor’s conditions were 1 bar and 500 °C resulting to 99.5% conversion
of CHy. Before entering the reactor, the feed was preheated at 500 °C.
The catalyst used for this process (ruthenium-doped SrTiOj perovskite) was
synthesized by Gangurde et al. Due to the utilization of microwaves for this
synthesis a better distribution of the active sites was achieved. That fact, in
combination with the thermal microwave effect where heat dissipates from
the friction of molecules induced by microwave irradiation (as mentioned on
Section result in lower energy demand in comparison with conventional
heating of the DMR reactor. The efficiency of the microwaves was considered
90%.
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2.1.3 Case study 3: MW-assisted DMR with biogas
feed

For the last case study, the DMR process was kept the same as on the second
scenario. However, the feed changed using biogas instead of pure methane
- carbon dioxide mixture. The composition of the biogas was assumed to
be 60% CH4 and 40% CO, with 2000 ppm H,S, while the temperature and
pressure were 20 °C and 1 bar respectively. Due to the need of desulfurization,
as discussed on Section[I.4] a pretreatment of the biogas was needed before its
entrance to the DMR reactor. The technique that was chosen was the one of
solid adsorption (for the reasons mentioned on , using as adsorbent dried
sewage sludge, because of its selectivity to HyS (COz should not be removed
given that it is needed for the DMR reaction) and its low cost. [80] The
desulfurization system was assumed to be consisted of 5 adsorption columns
and 1 regeneration column, in order to be able to consider continuous flow.
Knowing that the regeneration efficiency decreases 2.6% on average in each
regeneration cycle, and assuming 14 regeneration cycles before reloading the
bed with fresh adsorbent, the lifetime of the adsorbent is estimated to be 118
days. Finally, the amount of adsorbent needed (for this study’s capacity) is
122 tonnes per year. The pressure drop across the adsorption beds is very low
(only about 14 Pa), resulting to a non significant power consumption. The
adsorption beds operate at 20-25 °C and 1 bar. [80] Consequently, the energy
demand of the desulfurization columns was assumed to be zero. Regarding
the regeneration column, it operates at high temperature and atmospheric
pressure, leading to 2.4 ktonnes of high pressure steam demand per year. This
desulfurization system has an efficiency of 90%, meaning that the biogas
produced contains 200 ppm HsS, [80] which is acceptable for this specific
study. The fixed beds were simulated on Aspen Plus using a Component
Separator. Due to the really low concentration of hydrogen sulfide, it was
considered as non present in the next processes. The regeneration unit was
not simulated for simplicity reasons, given that it did not interfere with the
rest processes.

46



2.1.4 Methanol synthesis and purification

Regarding the methanol production these conditions were chosen: a stoichio-
metric number of 2.5, a pressure of 35 bar and a temperature of 230 °C. [9]
[17] The effect of pressure and the effect of temperature on the CO conversion
were examined using Aspen Plus, i.e. an RGibbs reactor, and are presented
on Figure 26| and Figure 27] (Appendix) respectively. Although a lower pres-
sure and temperature of the chosen appear to result in higher CO conversion,
based on thermodynamics, no research has shown the same results yet, given
that the reactions discussed in Section [L.2] cannot occur in such low tem-
perature and pressure. In order to reach a stoichiometric number of 2.5,
hydrogen needs to be added (the design specs tool of Aspen Plus was used).
The mixture was compressed using a multi-compression system created by
combining five compressors in series, with each compressor capable of increas-
ing the pressure by around three times. In addition, an efficiency of 85% was
considered for each compressor. Due to the need of keeping the temperature
relatively low, inside the compressors a heat exchanger was added before each
compressor that kept the temperature at 170 °C. The unit that was used
to simulate the CO and COs hydrogenation reactor in Aspen Plus was the
RYield one. The reactions used were [0}, [§ and [9] and the conditions the ones
discussed above. The CO and CO, hydrogenation reactions have low con-
versions, as discussed before, resulting in a high concentration of reactants
in the outlet. In order to reduce the waste/emissions as well as the supply
of raw materials, a recycle of these reactants is necessary. Firstly, methanol
and water need to be separated from the mixture so that methanol can be
obtained. A Flash separator was used in Aspen Plus and the aim was to re-
claim all of the produced methanol, at the bottom of the Flash. The pressure
was kept at 35 bar so that no further compression would be needed (extra
cost). The effect of the temperature on the methanol and water reclaim as
well as the impurities at the bottom were produced via sensitivity analysis in
Aspen Plus and the results are shown on Figure The chosen temperature
was 3 °C. Ideally, the top stream would be recycled completely, but because
of the existence of methane, which does not react in the methanol synthesis
reactor, a total recycle of the stream would result to methane accumulation
problems. Consequently, a purge stream was inserted via a separator. The
lowest purge stream fraction (of the total flash’s top stream) achieved was
0.07. Anything lower than that could not be calculated in Aspen Plus due
to the methane accumulation. The bottom of the Flash was directed to a
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distillation column in order to obtain as a final product methanol of purity
99.5%. Before entering the column, the stream was preheated at 50 °C and
a turbine was used in order to lower the pressure to 1 bar. A step-wise sen-
sitivity analysis was conducted aiming to maximize the methanol purity and
reclaim in relation to the number of stages, the reflux ratio as well as the
distillate molar vapor fraction. Firstly, a distillate molar vapor fraction of
0.1 an a reflux ratio of 1.6 were chosen and a sensitivity analysis regarding
the number of stages was carried out. As presented in Figure 29 (Appendix)
after the eleven stages a plateau appears and there is no change in methanol
reclaim (95.3%) nor its purity (99.5%). Following this, a sensitivity analysis
for the effect of reflux ratio was studied, by keeping the number of stages
at 11 and the distillate molar vapor fraction at 0.1. As it appears in Figure
(Appendix) the methanol purity and reclaim is not affected significantly,
while the reboiler and condenser duty increases with reflux ratio’s increase.
A purity of exactly 99.5%, which is desired, is obtained with a reflux ratio
of 1.6. Lastly, the distillate molar vapor fraction’s effect was investigated
for 11 stages and 1.6 reflux ratio. As showed in Figure 31| (Appendix) any
value lower than 0.1 is not in agreement with the desired purity. All in all
the characteristics of the distillation column are presented in Table [d For
all the case studies it is assumed that the compressors and the turbine have
an efficiency of 85%.

Table 4: The distillation column’s characteristics for the production of high
purity (99.5%) methanol.

Item Assumption/Value
number of stages 11

feed stage 5

type of condenser partial vapor liquid
type of reboiler Kettle

reflux ratio (molar) 1.6

molar vapor fraction 0.1

reflux rate 583 kmol/h
heat duty 11.8 MW

Two indicators used for the technical evaluation of the projectwhere Fyeon
is the the annual methanol production (ktonnes/year) and Ft..q is the total
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mass flow per year of the materials in the process feed (carbon dioxide,
methane, hydrogen for the first two case studies and biogas and hydrogen
for the third). In addition, the Specific Energy Input (SEI), that shows the
energy demand per kg of methanol produced, was calculated using Equation
19, where Q is the total energy demand of the unit (MW) and F’pr.op is the
flow of the final product (kg/s). SEI is a very important indicator because
of its ability to make of a fair comparison between different methods. Lastly,
considering that green electricity was used, the energy share of RES can be
determined (the energy demand refers to the heat duty needed).

F
Yield% = —=21 « 100% (15)
feed
_ Q@
SEI = 7 (M J/kgrreon] (16)
MeOH

The process flow diagrams (PFD) (one for each case study) are illustrated in
Figure [12] Figure [13] and Figure [14]
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2.2 Heat integration

In the process industries, several types of heat transfer equipment are em-
ployed. The shell-and-tube heat exchanger is by far the most common kind.
This form of heat exchanger, as the name indicates, is made up of a shell
(a huge pressure vessel) with a bundle of tubes inside it. To transfer heat
between the two fluids, one fluid flows through the tubes and another fluid
flows over the tubes (via the shell), as illustrated in Figure [15] Heat inte-
gration is the merging of process streams’ heating and cooling demands, in
heat exchangers, to eliminate the need for external heating and cooling in
the form of hot and cold utilities. In systems comprising numerous heat or
mass exchange components, known as exchanger networks, there’s a specific
point within the system where the driving force for energy or mass exchange
reaches its lowest level. This point is referred to as a ”pinch” or pinch point.
The effective synthesis of these networks entails entails identifying the pinch
point and utilizing the information at the pinch point to build the whole net-
work. This design method is known as ”pinch technology”. [81] [82] In order
to find the minimum utilities required the following algorithm is employed:

1. Select a minimum approach temperature (AT,,;,). This is the lowest
temperature difference between two streams leaving or entering a heat
exchanger. Typical temperatures range from 5 °C to 20 °C. For this
study, the temperature is set at 10°C, with an awareness that alterna-
tive temperature methods will provide different outcomes.

2. Construction of a temperature interval diagram.

3. Construction of a cascade diagram and determination of the minimum
utility requirements, as well as the pinch temperatures.

4. Determination of the minimum number of heat exchangers above and
below the pinch.

5. Synthesis of the heat-exchanger network. [82]
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SHELL OUTLET
WARM PROCESS

TUBE INLET
COOL LIQuiD

SHELL INLET
HOT PROCESS

TUBE OQUTLET
WARM LIQUID

Figure 15: Internal view of a shell and tube exchanger.

In order to develop the heat-exchanger network (HEN) some necessary rules
need to be employed:

1. Start at the pinch. The most restrictions regarding the number of fea-
sible matches appear at the pinch point, where (AT,,;,)exists between
all hot and cold streams. By starting the design at the pinch, prob-
lems such as the use of temperature differences smaller than (AT,,;,)
or excessive use of utilities, are avoided.
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2. Heat capacity (CP) inequalities. Moving away from the pinch, temper-
ature differences must increase. For that to be achieved two inequalities
need to exist: Above the pinch, the CP of the cold stream must be big-
ger that the CP of the matched hot stream, while below the pinch the
exact opposite must happen.

3. Threshold problems. In case that there is is no pinch point, the hot and
cold streams’ conditions are such that after cascading energy down-
ward, there is either an excess of energy or the energy is perfectly
balanced at every temperature interval. [82]

The utility requirements both in enthalpy and temperature terms can be
obtained from the grand composite curve (GCC). The GCC shows the heat
flow through the process against temperature (shifted and not actual - cold
streams are represented AT,,;,/2 times hotter and hot streams AT,,;,/2
times colder than they are in practice).

Although the HEN lowers the total utility demand (reducing the operational
cost), a supply of more heat exchangers is required (augmentation of capital
cost). At the same time, the surface needed in the rest of the heat exchangers
of the unit (that are relevant to the streams used in heat integration) drops,
leading to reduction of capital cost. The heat transfer surface can be calcu-
lated approximately by using Equation [I7, where A is the heat transfer area
(m?), Q is the heat duty (W), U is the heat transfer coefficient (W/m?K)
and AT, is the logarithmic temperature difference. [82]

Q

A= U x AT, (17)

Some typical values of the U are presented in Table [6, For this study, the
reactors were not taken into account for the Heat Integration, given that for
the DMR reactor, the heating takes place either by the use of furnace (CS1)
or electricity (CS2). Regarding the MeOH synthesis reactor, the reaction is
exothermic and the reactor isothermal, meaning that the cost of cold utility
needed would be considerably low. Lastly, the reboiler of the distillation
column was not considered for the HI. In Figure [32] Figure [33] and Figure
(Appendix) the Hot and Cold Composite Curve (CC), the Grand Composite
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Curve (GCC), as well as the Grid Diagram (GD) for case study 1, 2 and 3 are
presented, respectively. In Table |5[the pinch points, as well as the minimum
hot and cold utilities needed, as resulted from the HI, for all case studies.

Table 5: The pinch points and the minimum hot and cold utilities needed,
as resulted from the HI, for the three case studied.

Ccs1 €S2 (CS3
pinch point (°C) none 490 490
minimum hot utility (kW) 0 108 108
minimum cold utility (kW) 22,091 19,368 19,228

Table 6: Approximate values of heat transfer coefficient.

[33]
Conditions of heat transfer U (W/m?K)
gas/gas 5-50
gas/liquid 6-80
water /organic liquid 100-300
steam /organic liquid 200-1,200
water/water 1,000-4,000
steam /water 1,000-10,000
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2.3 Economic analysis

The viable development of a chemical process unit is based on its ability
to produce revenue. Consequently, the understanding of process economics
is rather crucial. The three main goals are: to evaluate the design options
and make the right decisions, to optimize the processes and to examine the
overall project profitability. The total cost of a unit can be broken down into
two main categories: the capital cost and the operational cost. [81] [82] In
order to estimate these costs, a standardized cost estimation methodology
for new technologies is applied. The methodology employs the factorial ap-
proach, in which costs are calculated using factors and percentages based on
the cost of purchased equipment. The chosen approach relies on a compre-
hensive examination of existing literature concerning techniques and relevant
data. The calculated estimations have a theoretical accuracy of 4+ 30%. [84]
More specifically the results of the simulations were processed in MS Excel
environment, by employing empirical equations, prices, assumptions and eco-
nomic indicators found in process design handbooks, as well as in relevant
publications and websites. Regarding the methanol production unit, a plant
uptime of 8400 operating hours per year (350 days) was assumed, as well as
a 20 years project lifespan. Lastly, the location of the unit was considered to
be in central Europe (mean values of different countries, such as France and
Germany were employed).

2.3.1 Capital cost

The overall investment required for a new design is divided into four key
categories:

e Battery limits investment. Refers to the purchase of the buildings, as
well as the individual plant equipment and its delivery and installation.
Costs for equipment can be determined from equipment vendors or from
published cost data, as its discussed below.

e Utility investment. It is the capital cost for the electricity and steam
generation and distribution and the equipment needed for water pro-
cessing.

e Off-site investment. It includes any auxiliary buildings, roads, systems
and storage facilities.
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e Working capital. It refers to the money that must be invested before
there is a product to sell, in order to get the plant into productive
operation. [81]

The overall capital cost of the process, services, and working capital may be
calculated by multiplying the purchase price of individual parts of equipment
with a relevant factor. Some typical factors for capital cost based on delivered
equipment costs, for fluid processing units, are presented in Table (7} [81]

Table 7: Typical factors for capital cost based on delivered equipment costs
(for fluid processing units).

[81] [82] [84]
Item Factor
Direct costs
Equipment delivered cost 1
Equipment erection 0.4
Piping (installed) 0.15
Instrumentation & controls (installed) 0.2
Electrical (installed) 0.1
Off-sites 0.2
Buildings (including services) 0.3
Site preparation 0.1
Total capital cost of installed equipment 3.4
Indirect costs
Design, engineering and construction 1.0
Contingency (about 10% of fixed capital costs) 0.15
Total fixed capital cost 4.8
Working capital (15% of total capital cost) 0.7
Total capital cost 5.8

Some empirical equations have been developed to estimate the cost of various
types of equipment by using characteristics of each type as inputs (such as
height, heat transfer surface etc.), as presented in Equations 7 ,
22], 23] and Regarding the equation for the heat exchanger, it refers to
a shell-and-tube heat exchanger, where A is considered the heat transfer
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surface (in m?). In case this surface is found to be greater than 1000 m,,
technical problems are created and more than one exchanger is taken into
account, unless it concerns the condenser of the distillation column. For the
compressors, the equation takes into account both the compressor cost, as
well as its motor’s cost and where P is the power of compressor in hp. For
the turbine the P refers to Power in kW. As per the Flash, its weight (W
- in kg), height (H - in m) and diameter (D - in m) must be considered.
Following, the distillation column’s cost is calculated by combining the cost
of the column, the stages, the reflux pump, the reboiler and the condenser.
For the last two the Equation is considered. The column is calculated
using its weight (W - in kg), height (H - in m), diameter (D - in m), number
of stages (NT) and pump’s power (P - in kW). Lastly, for the scenario of
biogas as feedstock, a desulfurization unit is employed. It consists of 5 beds
and an additional regeneration column. The equation used to specify the
total equipment cost is the same as for the column (Equation 22)). [80]

C,(USD@1979) =exp(8.202 + 0.1506 * In(A)+

18

+0.06811 * In(A)?) (HeatExchanger) (18)

[85]

C,(USD@2012) =2.5 * exp(7.58 4+ 0.8 * In(P))+ (19)

+ 2049 4 668.16 x P (Compressor)

[36]
C,(USD@2005) = 633000 * P*3*® (Turbine) (20)

87]

C,(USDQ1979) =exp(8.6 — 0.21651 * In(W) + 0.04576 % In(W)2)+
0.7396  770.70684 (21)
+ 1017 x D% x« H" (Flash)
[85]
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C,(USDQ1979) =exp(6.95 + 0.1808 * In(W) 4 0.02468 * In(W)?)+

22
+ 834.86 x D010 5 HOSVION) (Column) 22)
[85]

C,(USD@1979) =NT % 278.38 * EX P(0.05705 * D)%
2.25 (23)

« max (1, W) (Stages)

[85]
C,(USD@2000) = 1970 * P** (Pump) (24)
[85]

For the reactors, the equipment cost estimation conducted by finding re-
actors of similar chemical units and by using Equations [25] and [26] as dis-
cussed below. Regarding the methanol synthesis from hydrogenation of car-
bon monoxide and dioxide reactor, the values presented in Table[§were found
in literature. The cost that was used was the mean of these values. As per
the thermocatalytic DMR reactor, the cost is estimated based on the cost of
a fired heater reformer furnace, due to its high operating temperature. Data
from literature is obtained and converted to the capacity of this study. [8§]
Lastly, regarding the MW-assisted DMR reactor, the study of de la Fuente
et al. for the cost of a microwave plasma reactor was considered. The main
factor that determines the purchase cost is the generator of the microwaves
in combination with the waveguide components needed for the operation.
Due to the limitation of maximum output power of 100 kW at a frequency of
915 MHz that the magnetron has, a series of magnetrons need to be emplyed
(the particular number of magnetrons is determined by dividing the kilowatts
required by 100 and rounding up). As this study showed, with an increase
in the maximum power (kW) per magnetron, the total equipment cost per
produced kW decreases and reaches a plateau of around 1400 euro per kW.
This equipment cost is likely to drop as technology evolves and magnetrons
with higher microwave power output (more than 100 kW) are manufactured.
£3
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Table 8: Literature data for the equipment cost of a methanol synthesis
reactor and cost estimation for a unit with a capacity of approximately 100
ktonnes/year.

Base Capacity Base Cost Year Cost estimation Reference

(ktonnes/year)  (Meuro) (Meuro)
656 1.9 2022 0.6 [89]
16.3 1825 2020 3.7 [90
23.8 1825 2014 4.1 [91]
1.2 39 2023 8.2 92

Each process in a unit has its own set of characteristics, one of which is
the materials used to construct the equipment. These materials have a ma-
jor effect on equipment capital costs. Furthermore, operating pressure and
temperature affect the equipment capital cost due to thicker walls to handle
increasing pressure and decreased allowable stress for construction materials
as temperature rises. Table[9provides some approximate average factors that
relate the various materials and operating pressure and temperature with the
equipment capital cost. Hence, Equation may be used to calculate the
actual cost of carbon steel equipment at moderate pressure and temperature,
where Cg is the equipment cost for carbon steel at moderate pressure and
temperature with capacity Q, Cp is the known base cost for equipment with
capacity Qp, N is a constant depending on equipment type and f,;, fp and fr
are the correction factors for materials of construction, design pressure and
design temperature respectively. The values of constant "N” vary between
0.30 and 0.84 and are related to the type of the equipment. A median value
equal to 0.67 can be employed for approximate calculations for an average
unit. [81] [82] [85]

Cp = CB(QQ)NfoPfT (25)
B
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Table 9: Typical equipment material, pressure and temperature factors for
equipment cost estimation.

[81]
Material Correction factor (fy)
Carbon steel 1.0
Aluminum 1.3

Stainless steel (low grades) 2.4
Stainless steel (high grades) 3.4

Hastelloy C 3.6
Monel 4.1
Nickel and inconel 4.4
Titanium 5.8
Design pressure (bar) Correction factor (fp)
0.01 2.0
0.1 1.3
0.5to 7 1.0
50 1.5
100 1.9
Design temperature (°C) Correction factor (fr)
0-100 1.0
300 1.6
500 2.1
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Cost data published in literature is frequently old, coming from a number
of sources with varying dates. By using cost indexes, such data may be
kept up to date and standardized. The equation used for this purpose is
Equation [26] where C; is the equipment cost in year 1, C, is the equipment
cost in year 2, INDEX, is the cost index in year 1 and INDEX, is the cost
index in year 2. Commonly used indexes are the Chemical Engineering Plant
Cost Index (CEPCI), the Marshall and Swift Index and the Nelson—Farrar
Refinery Construction Index, the most useful of which is the CEPCI. [82]
[81] In Table the evolution on the CEPCI over the years is presented.

C1  INDEX, (26)
Cy  INDEX,
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Table 10: CEPCI evolution from 2001 to present.

93]
Year CEPCI | Year CEPCI
1957-1959 100 2012 584.6
2001 394.3 2013 584.6
2002 395.6 2014 576.1
2003 402.0 2015 556.8
2004 444 .2 2016 541.7
2005 468.2 2017 567.5
2006 499.6 2018 603.1
2007 525.4 2019 607.5
2008 575.4 2020 596.2
2009 521.9 2021 708.8
2010 550.8 2022 816.0
2011 585.7 2023 Apr 803.4

Lastly, the installation cost of each unit of equipment can be calculated by
employing some factors, as presented in Table [11] It is important to be
noted that these factors calculate the installed equipment cost, meaning that
it includes the cost of the equipment. In order to determine only the cost of
the installation the multiplying factor has to become (fi-1). [94]
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Table 11: Installation factors for the main industrial equipment.

194]
Equipment Installation Factor (fy)
Reactor 4.05
Column 4.05
Reforming Heat Furnace 2.41
Compressor 2.50
Pump 2.97
Storage device 1.65
Shell-and-tube heat exchanger 3.22
Plate heat exchanger 1.70
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2.3.2 Operational cost

Before assessing the economic feasibility of a particular process, the costs in-
volved with daily operations of a chemical plant must be determined. Table
shows the primary factors influencing the Operating Cost of the pro-
duction of a chemical product. The most expensive individual operational
expense in most operations is raw materials. Their prices are obtained from
the relevant suppliers, but in preliminary analysis they can be derived from
publications and databases. Due to the price fluctuations over the time,
the safer method is to obtain values from different sources and times and
calculate the average material price. Some current price ranges for the raw
materials used in this study are presented in Table [13]

Furthermore, a high operational cost is due to the utilities needed in various
units of the plant, such as the heat exchangers (for heating and cooling),
the reactors, the compressors etc. The main sources of these utilities are
public or private producers and the company itself (from off-site facilities or
self-production). The prices of the utilities (fuel, electricity, steam, cooling
water, refrigeration, compressed air, inert gas) can be obtained in the same
way as mentioned for the raw materials’ prices. If the source is not updated,
the CEPCI can be used in order to calculate more approximate prices for
today, as shown in Table [13] [82] [81] The calculation of the total utility
demand of this study is done through energy balances, taking into account
the energy conversion efficiency (85% for compressors, 40% for the furnace
and 90% for the microwaves). Water at 20 °C is used as the cooling utility for
the condenser of the distillation column, the coolers and the methanol reactor
(exothermic reaction). Low pressure (LP) steam (6 bar - 160 °C) is required
for the column preheater and reboiler. High pressure (HP) steam (24 bar -
254 °C) is used for the preheat of the two reactor’s inlet. In the case study of
the conventional DMR heating, the reactor is heated via a furnace that burns
natural gas. In the case of the MW-assisted DMR, the reactor is heated from
the microwave plasma, by using electricity. Electricity is also required for the
operation of the compressors, in all the scenarios. Lastly, for the the case
scenario that uses biogas as feedstock, the adsorbent’s regeneration column
needs heating, which happens with the use of HP steam. The total demand
is calculated using as a base the data obtained from the study of Aguilera
et al., which indicates that for a capacity of 10000 cum/day, 422 kg of HP
steam per hour are required. [80]
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Following, for the cost estimation of the catalysts and adsorbents, prices from
literature were obtained. For the methanol synthesis reactor, a bimetallic
Cu/Zn0/AlyO5 is used as mentioned in Section A price of 8 eur/kg and
a loading of 132 kg that need to be replaced every two years were assumed.
[89] [95] [96]. For the DMR reactor, in the first case study, with conventional
heating, a Ni/AlyO3 catalyst with a price of 24 eur/kg and a loading of
1480 kg (changed every 4 years) was assumed [97]. Regarding the case study
with the microwave heating DMR, the ruthenium-doped SrTiOj3 perovskite
catalyst synthesized by Gangurde et al., as discussed in Section [1.3] with an
estimated price of 8360, was employed. [20] Lastly, for the low-cost adsorbent
(dried sewage sludge), a loading of 126 kg/year was calculated and a price
equal to 0.1 eur/kg was assumed. [80]

Regarding the number of operators needed in a shift the empirical Equation
was employed, where N is the number of operators per shift and P is
the number of processing steps including compression, heating and cooling,
mixing, and reaction. For a plant with the characteristics of the one in this
study, a total of 4 operators per shift can be calculated. [82]

N = (6.29 + 0.23  P)*? (27)

Finally, it is important to consider the exchange rate between the different
currencies in the calculations that its needed (both for the capital and the
operational costs). To convert US dollars to euros a rate of 0.91 (value
obtained on 30/09/2023) was used. [98]
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Table 12: Typical factors for operational costs (direct and indirect).

Item

Factor

Direct manufacturing costs
Operating labor
Supervision

Maintenance & Repairs
Maintenance supplies
Laboratory charges

Fixed manufacturing costs
Depreciation

Local taxes & insurance
Plant overhead costs

4 operators/shift, 3 shifts/day, 60000 USD/labor/year

0.02 of operating labor

0.06 of TFCC

0.15 of maintenance and repairs
0.15 of operating labor

0.1 of TFCC
0.03 of TFCC

0.6 of Operating labor, Supervision and Maintenance & Repairs

Table 13: Raw material and utility prices.

Material

Price range (eur/tonne)

Assumed price (eur/tonne)

green hydrogen 2730-7280 1000

carbon dioxide 34-314 90

methane 210-458 300

biogas 21-636 350

utility Utility cost Assumed price

cooling water

low temperature refrigerant (R-134a)
low pressure (LP) steam

high pressure (HP) steam

natural gas

electricity

0.02 eur/cum
10.29 eur/GJ
2.46 cur/GJ

6.86 eur/GJ

3.83 eur/GJ
0.08-0.12 eur/kW

0.02 eur/cum
10.29 eur/GJ
2.46 eur/GJ
6.86 eur/GJ
3.83 eur/GJ
0.10 eur/kW
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2.3.3 Profitability

In the previous chapters there were provided the PFDs and the capital and
operational cost estimations’ methods. These can be utilized to carry out
an economic analysis for the evaluation of profitability. The best method
is to calculate the cash flows during the project’s life. Table shows the
variables used, as well as the main assumptions and calculations made. Be-
fore the start of unit operation, some years to make the necessary studies
and construct the plant are required. In these years a capital equal to the
TCC is needed. Loans from banks, the company’s issuing stock, and net
cash flow from its profits accumulated over time, can all be used to fund
new installations. The cost of financing a project varies depending on its
funding source. Often, during the initial phases of a project, the source of
funding remains uncertain. Nevertheless, there is a necessity to choose be-
tween different process options and conduct optimization considering both
the capital and operational expenses. Achieving this becomes challenging
unless both costs can be presented on a common basis. Capital costs can
be annualized when assuming that the capital has been borrowed for a fixed
period, typically ranging from 5 to 10 years, at a fixed interest rate. In that
case, the capital cost can be annualized (Annualized Capital Cost - ACC)
as per Equation [28, where LI is the Loan Installment, i is the fractional in-
terest rate per year and n is the number of years. [81] For this study it was
assumed that half of TCC is covered by loans, with an i=5% and years of
payback equal to 5 (starting at year 1). [82] [81] [84] The rest half of TCC is
covered by Equity Capital (EC). It is assumed that this capital will be paid
back after the payoff of loans, meaning in years 6 until the end of plant’s
life. At the last year the unit will have a residual value, the calculation of
which is shown in Table [I4] This residual value was considered to be part of
the equity payback. Regarding the income that is taxed it is calculated by
subtracting OPEX and annual depreciation from revenue. [84] ”Tax depre-
ciation is the depreciation expense claimed by a taxpayer on a tax return to
compensate for the loss in the value of the tangible assets used in income-
generating activities.” |117] Tax depreciation, like accounting depreciation,
assigns depreciation expenditures across various periods. As a result, the
tax values of depreciable assets decline steadily during their useful lifetimes.
[117] Furthermore, the Economic Potentialcan give a preliminary estimation
of the gross margin of the project. It may be calculated by Equation [29]
where EP is the economic potential (eur/year), REV is the revenue from the
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methanol sale (eur/year) and RM is the annual cost of raw materials (carbon
dioxide and hydrogen for all cases, methane for CS 1 and 2 and biogas for CS
3). The prices of the raw materials were presented in Table . As per the
methanol price, a mean value of 400 eur/tonne was considered. [118] [119]
[10] [120] [121] [122]

i1+ i)
ACC = LI+ ——T1 2

CO=Llx T 28)

EP = REV — RM (29)

As money could be invested to earn interest, money in the present has a
higher value than the same amount at a future date. A project’s net present
value is the sum of the present values of every single cash flow. (As present
is considered the start of the project.) The annual discounted cash flow is
calculated by discounting the annual cash flow with the rate of interest. The
higher the NPV, the more financially attractive the project is. A project
with a negative NPV is not profitable and is therefore rejected. In a diagram
of cumulative cash flow over time, the evolution of the NPV can be seen as
well as the year in which it becomes positive (break-even point). This year,
called the PayBack Period (PBP), is the moment when the positive cash
flows equal the initial expenditure (NVP=0). [81] [82]
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Table 14: Variables, assumptions and equations for the evaluation of prof-

itability.
Variable Description Assumptions/Calculations
Ny years for studies and construction 2
N years of plant’s life 18
TFCC Total Fixed Capital Cost calculated according to Section [2.3.1
WC Working Capital calculated according to Section [2.3.1
TCC Total Capital Cost TFCC + WC
REV Revenue (value of products) unit’ scapacity x methanolprice
Iq depreciation rate 5%
D Depreciation rgx TFCC
N years since the start of operating 1< N, < N
RV, Residual Value in year Ny, TFCC — N, *D
RV Residual Value in year N TFCC - NxD
OPEX Operational Expenditure calculated according to Section m
LI Loan Installment %
i interest rate 5%
ny, payback years for loans 5
I Interest LI % é%gﬂ starting at year 1
EC Equity Capital %
ng payback years for equity capitals 13
EPB annual Equity Payback Ecn;;w’ starting at year 6
Ty Taxes in year Ny, 21% * (REV — OPEX — N * D)
CF, Cash Flow in the first five years REV — (OPEX + 1+ T)
CFy Cash Flow in the years 6 to 18 REV — (OPEX + EP +1T})
iy discount rate 7%
NPV Net Present Value v (1221)"
IRR Internal Rate of Return iy for which NPV=0
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2.4 Preliminary GHG emissions estimation

Apart from the economic analysis, it is really important to evaluate the
proposed processes in terms of environmental performance. A key indicator is
the global warming potential (GWP100), measured in kgco,-eq per reference
unit. The data for this calculation were obtained from the Ecoinvent 3.9.1
(12/2022) database, as well as from the mass and energy balances extracted
from Aspen Plus. The boundaries of the system were considered to be cradle-
to-gate, given that the production and transportation of the raw materials
and the manufacturing step were taken into account for the determination
of the emissions. 93 ktonnes/year of methanol was set as the functional unit
(f.u.). The method used for the determination of this indicator is the CML
v4.8 2016 no LT. In Table [15] the indicators for each category are presented.
Regarding the direct emissions, they include the CO, that was produced
from the natural gas burning in the furnace of CS1 for the heating of the
DMR reactor, and the CO; from the purge streams (MeOH reactor recycle
and distillation column’s top) after their burning in a flare.
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Table 15: The global warming potential - GWP100 indicator for each com-
ponent of the categories: raw materials, utilities, waste and direct emissions,
obtained from the Ecoinvent 3.9.1 database and the CML v4.8 2016 no LT

method.
Global warming potential -
Item Reference unit GWP100 (kgeo,-eq)
Raw materials
biogas (from anaerobic digestion)  cum 3.1E-01
hydrogen (from water electrolysis) kg 8.2E-01
carbon dioxide kg 0.0E+00
methane (from natural gas) kg 5.9E-01
Utilities
electricity kWh 2E-02
steam (high pressure) MJ 1.1E-01
natural gas (furnace) MJ 3.9E-02
cooling water kg 2.5E-05
refrigerant (R-134a) kg 1.8E+01
Waste
hydrogen sulfide kg 5.5E-01
wastewater cum 2.5E-01
Direct emissions
carbon dioxide kg 1.00E+-00
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Chapter 3

Results and discussion

The mass flows, as well as the conditions, for the main streams (as they
appear on each PFD) were retrieved form Aspen Plus and are presented
in Table 21| (Appendix). Given that all the main streams (S1-S11) are the
same for all the case studies there was no need to design different tables for
each case. The only thing that changes is the existence of a biogas stream
in the third case study, which appears in the Table as S0. After the
desulfurization and the mix of the biogas with carbon dioxide, the stream that
results finally is the same as the feed streams in the two previous case studies
(pure feed). The mass balances, as well as the energy demand, are utilized
for the calculation of some performance indicators (technical, economical and
environmental).

3.1 Technical results

A Heat Exchanger Network was synthesized for each scenario, based on the
criteria discussed in Section The proposed HENS are illustrated in Fig-
ures and [I8) The total energy savings from the HEN are presented
in Table [16| alongside with the main technical results. The Heat Integration
resulted in a reduction of energy demand of about 5.6%, 6.6% and 6.9% for
scenario 1, 2 and 3 respectively.
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Figure 16: Synthesized Heat Exchanger Network for Case Study 1: Conven-
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Figure 17: Synthesized Heat Exchanger Network for Case Study 2: MW-
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Figure 18: Synthesized Heat Exchanger Network for Case Study 3: MW-
assisted DMR with biogas feed.
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Table 16: Technical results for the three case studies.

Item Case Study 1 Case Study 2 Case Study 3
methanol production (ktn/y) 100 100 100
methanol purity 99.5% 99.5% 99.5%

SEI (MJ /kgareon) 12.1 11.2 11.3

total yield 73% 73% 73%
potential energy share of RES 9.5% 61.2% 60.9%
energy savings with HI (MW) 5.4 4.6 4.8

reduction of energy demand with HI 5.6% 6.6% 6.9%

As it appears in Table , the total yield (that was calculated by using the
Equation for the three scenarios is the same (0.73), given that the feed
ratios, as well as the conversions for the two reactors, were the same for
all scenarios. Regarding the specific energy demand (which was calculated
by using the Equation , it occured to be equal to 12.1, 11.2 and 11.3
MJ /kgnreon for CS 1, 2 and 3 respectively. For the case of conventional
heating of the DMR reactor, it is elevated compared to the scenarios of
heating via microwaves. This results from the fact that in the first case
the reaction takes place at 900 °C, while for the other two cases at 500
°C. Furthermore, the efficiency of the conventional furnace, used in CS 1 to
reach 900 °C, is 40%, leading to even higher energy needs. As seen in Figure
[19, the energy demand driver is the heating of the DMR reactor, followed
by the reboiler of the distillation column and the compressors. The energy
demand of the regeneration column for the third case study is not significant
compared to the energy needs of the rest plant. Thereafter, the energy share
of renewable sources is, as expected, reduced in the first case study, because
of the use of fossil fuels for the heating of the DMR reactor, compared to the
7green” electricity (microwaves) used in case study 2 and 3. Then, in terms
of energy savings from heat integration, the best results refer to the first
scenario, as the outlet stream of the DMR reactor has a significantly higher
energy content. Following, the third case study compared to the second had
a bigger reduction of energy demand because more streams interfere with
each other, as it appears in the HEN figures.
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Figure 19: Breakdown bar for the Specific Energy Input.
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3.2 Economic results

The economic analysis used as inputs all the equations and data discussed
in the previous Chapter, as well as any information needed that resulted
from the simulation in Aspen Plus. More specifically, the mass and energy
balances and the characteristics of each unit (heat transfer surface, weight,
height, diameter etc.) were utilized. It has to be noted that the utility
savings resulted from the HEN where subtracted from the OPEX. Regarding
the additional heat exchangers needed for the HEN, their cost was estimated
(using the Equation equal to 0.35, 0.29 and 0.34 million euros for CS 1,
2 and 3, respectively. At the same time, the heat exchangers, that already
existed in the PFD and are related to the streams used for the HI, had a
cost reduction due to the decrease of their heat transfer surface. Eventually,
the difference between the cost of the extra heat exchangers and the money
saved from the surface reduction was essentially small. With this reasoning,
the equipment cost of heat exchangers remained the same after the Heat
Integration.

Afterwards, the Figure [20)]illustrates the distribution of cost for the installed
equipment in each CS. The total cost of the equipment and its installation is
significantly lower in the first case study (179 Meur compared to around 239
Meur for CS 2 and 3). This is due to the high cost of the microwave-assisted
plasma reactor in the relevant cases (2 and 3), as seen in Figure As
discussed, this cost comes from the expensive magnetrons used for the MW
reactor’s operation. As for the installed equipment’s cost, the compressors
have the bigger influence, followed by the DMR reactors, especially in the
case that they are microwave assisted.
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Figure 20: Allocation of total installed equipment cost to the different equip-
ment categories for the three case studies.

Regarding the operational costs, they are higher for the two case studies
including the MW-assisted DMR reactor (148 Meur /year for CS 1 compared
to approximately 180 Meur/year for CS 2 and 3), even though the energy
demand in these cases is lower (see Table . This is due to the high price
of electricity compared to the natural gas burnt in furnace used for the DMR
heating (see Table. In all the cases, the operating costs are approximately
the 85% of the annual costs and as seen in Figure 21| the hydrogen, the HP
steam and the electricity are the drivers of the operational, and consequently
the total, cost.
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Figure 21: Cost distribution of the raw materials and the utilities for the
three case studies.

In Table [I7) the costs discussed in Section [2.3] are presented. As it was finally
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calculated, the cost of methanol produced was around 1600 and 2300 eur per
tonne, for the conventional heating case and the microwave-assisted cases,
respectively. Even without consideration of any profit, this value is extremely
elevated (4 to 6 times more) compared to the average price of methanol sold
nowdays (400 eur/tonne), which was used for the calculation of the revenues
(REV). That difference resulted in a negative economic potential for all cases
(approximately -17 million dollars for all the cases), which led to a negative
NPV. Finally, this project cannot be considered profitable, given that the
plant would operate at a loss. More specifically, for 20 years of total existence,
this project would result to a net loss of more than 1 billion euros (1.3 for
CS 1 and 1.7 for CS 2 and 3).

Table 17: Calculation of the basic costs, as well as the economic potential
and the net present value for the three case studies.

Item CS1 CS 2 CS 3
Total Purchsed Cost - TPC (Meur) 62.8 77.5 7.7
Total Capital Cost of Installed Equipment - TIC (Meur) 179.1 238.9 2395
Total Fixed Capital Cost - TFCC (Meur) 289.1 3746 3755
Working capital - WC (Meur) 43.4 56.2 56.3
Total Capital Cost - TCC (Meur) 3324 430.8 4318
Annualized TCC - CAPEX (Meur/y) 26.7 34.6 34.6
Variable Cost of Production - VCP (Meur/y) 78.3 90.5 92.0
Fixed Cost of Production - FCP (Meur/y) 69.3 89.4 89.6
Operating Expenditure - OPEX (Meur/y) 1476 179.9 1817
Total Annual Cost - TAC (Meur/y) 174.3 2145  216.3
Methanol cost (eur/tonne) 1874 2307 2326
OPEX percentage of TAC 85% 84% 84%
CAPEX percentage of TAC 15% 16% 16%
Revenues - REV (Meur/y) 37.2 37.2 37.2
Economic Potential - EP (Meur/y) -17.0 -17.0 -18.5
Net Present Value - NPV (Meur) -1331.2 -1721.4 -1739.4
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3.3 Viability

The results of the economic analysis showed that the project is non prof-
itable. Thus, a sensitivity analysis is performed to define the prices of raw
materials, utilities and methanol that could result in profitable operation
of the methanol production units (NPV higher than 0). By using the tool
Solver in MS Excel, it was calculated that the break-even value of methanol
is 1824, 2242 and 2261 eur/tonne for the CS 1, 2 and 3, a price non feasible in
today’s economy (2023 scenario). For the hydrogen and electricity no break-
even value could be found. This is logical given that the cost of hydrogen is
12.8 Meur/year and of electricity 0.5-1.7 Meur/year, while the cash flow is,
in the best case, -121 Meur/year. This means that even if the hydrogen and
the electricity had no cost, the project would still be non feasible. For that
reason, a feasibility study in a future economy, where RES will be dominant,
was employed. The second case study (CS2), which utilizes more electricity
than the first one, was considered for the analysis, because of the direction
towards electrification in the industry (see Table[16|for energy share of RES).
The third case (CS3) is the most costly, thus it was rejected. The cost drivers
for the second case study are: hydrogen (12.5% of TAC), capex (16.0% of
TAC), electricity (5.5% of TAC) and HP steam (5.7% of TAC). From these
four drivers, the HP steam is fossil based and thus was not considered as a
variable for the future analysis mentioned above, considering the expected
decarbonization. Many studies have produced forecasts regarding the future
prices of essential raw materials, including the ones used in this study, as
well as of electricity. Some of these estimated values for the year 2050 are
presented in Table

Table 18: Prices of raw materials and electricity used in this study and
predicted for the year 2050.

Variable Used (2023) Predicted (2050) Reference
methanol (eur/tonne) 400 630 [11]
hydrogen (eur/tonne) 3000 1000 [123] [124]
carbon dioxide (eur/tonne) 90 34 [125]
electricity (eur/kWh) 0.1 0.02 [126]
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Even with using the values of Table [18| for the 2050 scenario, the NPV is still
bellow zero (-1.3 billion euros), but less negative compared to the 2023 NPV
(-1.9 billion euros). The break-even value of methanol was calculated for the
2050 scenario, equal to 1986 eur/tonne (lower compared to 2242 eur/tonne
for the 2023 scenario). However, the latter methanol price is well above the
anticipated one for 2050 (i.e., 630 eur/tonne).

The economy of scale could also affect the methanol production cost. Thus
a sensitivity analysis was performed to evaluate its impact on the economics
(i.e., NPV) (Equation [25). The assumptions made for the economy of scale
were the following: the N was considered equal to 0.6 (see Equation
and the total cost was calculated by adding the OPEX and the Annual-
ized CAPEX (assuming that the total cost was covered by loans). As the
capacity elevated, the OPEX elevated linearly, but the CAPEX elevated
exponentially. That cost was subtracted from the revenues at each capac-
ity, which were calculated by multiplying the estimated methanol price (630
eur/tonne) with the relevant capacity. The results showed that no positive
value for the cash flow could be obtained, given that the economic potential
was still negative, and as the evolution of both the revenues and the OPEX
is linear, the EP would never become positive. For that reason, a ”trial and
error” method was employed in order to find the lowest price of methanol for
which a higher capacity than the 100 ktonnes/year would make the project
profitable. The capacity had to be in an industrial acceptable range (i.e. 350-
3500 ktonnes/year [90] [12] |127]). The results showed that with a MeOH
price of 1720 eur/tonne, the NPV became zero at a capacity equal to 3500
tonnesy.op/year, as seen in Figure [22]
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Figure 22: The evolution of NPV as a function of capacity, with the method of
economy of scale, for the second case study, in year 2050, and for a methanol
price of 1720 eur/tonne.

This price (1700 eur/tonne) is still high -i.e., 3 times more than the fore-
casted one-. Another concept that could be taken into account is the capital
cost reduction due to the maturity of technology. The Technology Readi-
ness Level (TRL) is a method that determines the maturity of technologies
during the acquisition phase of a project. The more mature a technology
is the lower the CAPEX can become, especially the cost of purchasing and
installing the equipment. More specifically a reduction of 10-40% can be
considered, according to the TRL. [128] For example, in the future, there
are high chances in reduction of the MW-assisted DMR reactor’s cost as a
result of the construction of more efficient and less expensive magnetrons
[23]. In Figure [23| the NPV reduction as a function of CAPEX reduction
due to evolution of maturity of technology is presented. The values used are
the ones of Table . As it appears, the examined CAPEX reduction (i.e.,
10-40%) cannot result in a positive NPV, although the NPV values get closer
to zero as the reduction percentage rises. This means that the maturity of
technology by itself cannot create a positive NPV.
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Figure 23: The evolution of NPV as a function of CAPEX reduction, due to
increase of maturity of technology, for the second case study, in year 2050,
and for a methanol price of 630 eur/tonne.

Consequently, from the all the above analysis, the result is that neither the
reduction of OPEX (2050 prices), nor the economy of scale, nor the CAPEX
reduction according to TRL, are able, by themselves, to create a positive
NPV. A synergy of all the above is required. For that scenario the following
were considered:

e The estimated prices for the raw materials and the utilities (2050 -

Table .

e A capacity of 3500 ktonnes/year, according to the economy of scale.

(see Figure

e A CAPEX reduction equal to 40%, in accordance with the concept of
TRL.

Considering the above, a break-even value of methanol price was calculated,
by zeroing the NPV with the tool Solver of MS Excel. The result was a
methanol price equal to 1674 eur/tonne, which is still a lot higher than the
predicted one (2 to 3 times). All the methanol prices that were mentioned
in this study are presented together in Table Overall, the project is
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not considered profitable unless the methanol price rises to more than 1674
eur/tonne in 2050, while utility and material prices fall to 1000 eur/tonne for
hydrogen, 34 eur/tonne for CO,, and 0.02 eur/kWh for electricity, capacity
rises to 3500 ktonne/year, and CAPEX falls by 40% due to the evolution of
technology maturity.

Table 19: The prices of methanol for 2023 and 2050, mentioned in this study,
for CS2. For the literature values the references of Tables and [18] were
used. The break-even values refer to the MeOH price for which NPV=0. For
the economy of scale case the value is the break-even one for a capacity of
3500 ktonnes/year. Synergy refers to the break-even value for a combination
of 2050 utility and material prices, 3500 ktonne/year capacity and 40% re-
duction of CAPEX due to technology maturity.

Case Methanol price (eur/tonne)
2023 - literature 400

2023 - break-even 2462

2050 - prediction in literature 630

2050 - break-even 1986

2050 - economy of scale 1720

2050 - synergy 1674

Lastly, it has to be noted that the European union has made a plan of invest-
ments for the next decades, based on the Green Deal, regarding the financing
of green technologies that will lead to net zero emissions and decarbonization.
According to the European Commission, at least one trillion euros is needed
to found over the next decade. The EU budget should provide the most
money, 503 billion euros, with national governments contributing another
114 billion euros. The remaining money will come from the private sector
and various programs that support climate and environmental projects, such
as agricultural grants, Horizon Europe, the Life program, and regional and
cohesion funds. [129] [130] [131] In this logic, EU’s green subsidies could
be used for the implementation of a project that utilizes COy emissions,
biomethane, green hydrogen and that it’s main energy demands are covered
by electricity that is generated by RES.
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3.4 Preliminary GHG emissions estimation
results

Table (Appendix) depicts the CO, equivalent emissions of the processes
studied. The total specific emissions for CS 1, 2 and 3 were 1.82, 1.30 and
1.68 kgco,—equivatent /K&neom, respectively. The allocation of these emissions
is illustrated in Figure[24] The most emissions were produced for CS 1, due to
the burning of natural gas in the furnace for heating the DMR reactor (29%
of total emissions). The emissions drivers for all the cases are the refrigerant
(29% of total emissions for CS1 and 39% for CS 2 and 3), the HP steam (24%
for CS1 and 32% for CS 2 and 3) and the methane/biogas (9% for CS1, 12%
for CS2 and 11% for CS3). The utilization of a refrigerant that is more
”environmental friendly” could reduce significantly the emissions due to this
factor. Electricity has a small contribution (0.02 kgco,—cq/kgreon in the CS
2 and 3 where electricity is used for the heating of the DMR reactor), due to
the RES (wind) used for its generation. Lastly, it should be noted that direct
CO, emissions, accounted for approximately 7% of the total emissions in all
cases. Thus, these COy emissions could be decreased by employing a new
MeOH synthesis technique that improves CO4 conversion and by utilizing the
purge streams and the off-gases from the natural gas burning in the CS1’s
furnace, instead of emitting them to the atmosphere.

89



‘Pt [T OU 9T0g §'PA TTIND Ut Pue dseqeyep (zz0z/c1)
[°6°€ YUOAUIONH] o1} SuIsn ‘Apmnjs aseo [oea JO (SUOISSTWD J09IIP ‘9)sem ‘SIIII[IIN ‘S[RLIDJRUT M) A10501eD [oed
jo yueuoduiod £19a0 0y ‘HO?NGY /P?=003y ur passaidxe [erpuajod Sururrem [eqol8 Jo UOIYRIO[Y :fg 9IS

SuoISSIWS 12aJIp pue a8ind m  (Juesadiiyad ‘4s1em Suljood ‘wesls) sal|IN @ ON/ANOLIOS|I M S[elSleW MEY W

€S0 [A) TSO
| B | B L
- X
0
90
80
0T

[

oV}

<

(HO®N3%/b3-z0D8%) 00TdMD - |e1nua30d Sultwiem |eqo|9

90



3.5 Overall comparison

Comparing the CSs investigated in this study with literature, some conclu-
sions can be made. The three case studies seem to have a better performance
regarding the total yield (0.73), meaning that more of the feed is utilized for
the synthesis of the total product compared to the other methods. Espe-
cially in the case of biomass gasification almost half of the feed is wasted
(not converted into methanol). This happens because there is a WGS reac-
tor in order to increase the Hy content of syngas (to attain the S required for
methanol reactor). This implies that COs is also produced in WGS reactor.
The latter CO2 is separated upstream the methanol reactor, resulting in a
CO; bleeding stream (thus part of carbon content is emitted as CO;). The
value of SEI of the case studies is in between the SEI values of the other
cases. The studies with lower SEI than the proposed are the vacuum residue
gasification (0.3), the hydrogenation of captured carbon (8.7) and the biogas
steam reforming (2.0), whose values are not significantly apart from the CSs’
ones. The carbon emissions of the three CS appear to be low compared to
the rest studies. The only lower values are for the combined tri and dry
methane reforming (0.01), the hydrogenation of captured carbon (0.02) and
the vacuum residue gasification (1.25). The only category that the CSs do
not have the desired performance compared to the other studies is the cost
of methanol. For that reason, although the project investigated in this study
is environmental viable, it is not profitable in today’s economy, given that
there are studies that propose ways for methanol production which are ten
times less costly (shale gas partial SMR and vacuum residue gasification).
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Chapter 4

Conclusions

In this thesis, the process design of indirect methanol production via dry
reforming of methane was investigated. Three scenarios for the DMR were
studied regarding the way of reactor heating, as well as the feed used. In
the first two scenarios captured carbon dioxide and methane where used
as a feed to the DMR reactor, while in the third one desulfurized biogas
was combined with captured CO, and inserted as a feed. In the first case
study a thermocatalytic, fossil-based heated DMR reactor, was considered,
while in the other two cases the employed DMR reactor was heated by mi-
crowaves. Following, the syngas, produced in either of the three ways, was
combined with hydrogen, produced from water electrolysis, and inserted into
the methanol synthesis reactor. The produced methanol was downstream
purified. These processes were modeled in Aspen Plus V11 software and
later on the optimization, heat integration, techno-economic evaluation and
carbon emissions’ calculation were carried out. Overall, all the scenarios re-
sulted in a high yield, feasible energy demand and viable carbon emissions,
compared to other methods found in literature. On the other hand, the total
product cost of methanol was around 5 times more than today’s market prices
(1874-2326 eur/tonne compared to approximately 400 eur/tonne), leading to
non-profitability and net loss (negative economic potential and consequently
net present value in all the cases). In order to lower the total cost, two main
categories of changes could be investigated: adjustments in the processes and
alterations in the economy.

Regarding the first category, future studies could research the following:

e Reduction of purge stream and utilization of the off gases and waste
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water produced rather than entering the environment.

e Development of carbon capture, water electrolysis, electricity genera-
tion and biomethanol production technologies in order to self produce
the raw materials and utilities needed and interfere the processes to
lower the overall cost

e Energy demand reduction by applying a better heat integration than
the one proposed and by taking advantage of others streams’ energy
load coming from this unit or other units of the plant.

e Increase the unit’s capacity, according to the economies of scale, which,
as indicated in the Viability Chapter, can result to profitability.

e Employment of new techniques for methanol synthesis (e.g., reactor
and catalyst) in order to improve the CO conversion resulting in less
purged gases, smaller size of the reactor and lower CO2 emissions.

Although this project did not appear to be profitable in today’s economy,
there is some potential for it to become feasible in the next decades. Euro-
pean Union has made a commitment to invest into renewable energy sources,
waste management, industrial electrification and decarbonization and gener-
ally "green” technologies that will eventually lead to zero net emissions in the
next 30 years. Electricity can be generated by RES resulting in lower cost,
viability and significantly lower carbon emissions compared to the conven-
tional fossil based generation. Hydrogen can be produced from electrolysis,
with extremely low carbon footprint and a price that can reach the 1 euro
per kg, considering the utilization of renewable electricity and also the EU’s
funding. Carbon Capture and Utilization has the potential to become even
more lucrative, given that the studies for the CCU technology are constantly
increasing and also that the taxation of carbon emissions is expected to rise
enormously. Furthermore, methane could be obtained from bio-sources such
as biogas and landfill gas resulting to a twofold advantage: management of
waste and utilization of low or zero cost raw materials. In addition, methanol
demand, and consequently its price, is expected to rise significantly in the
next years, due to the many uses that it has in various fields and also due
to the capability of e- and bio- production. Today, methanol is produced
by thermocatalytic pathways based on fossil resources, while the production
cost varies between 100 and 450 eur/ton, depending on the feed, the pro-
cesses and the capacity of the installation. Bearing in mind the reduction
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of hydrogen and electricity cost and the increased carbon emission tax that
may be imposed in the future, the proposed method of methanol production
may compete with conventional state-of-the-art thermocatalytic processes,
which are very carbon intensive. Considering the objectives to limit carbon
emissions during the production of methanol, the comparison of the pro-
posed processes with existing industrial methods should be done not only on
an economic basis, but also on an environmental one, with the conduction
of Life Cycle Analysis and the determination of various indicators regarding
the effects on the human health and the society. Apart from the prices of the
raw materials, the utilities and the final product, a significant cost driver for
the proposed method is the integration of microwaves into the industrial pro-
cesses. In order to scale-up the laboratory findings and create MW-assisted
reactors that are competitive to the conventional thermocatalytic reactors, it
is essential to develop power sources of high output (>100 kW for microwave
plasma), to design reactors that are efficiently powered by multiple genera-
tors, to develop materials for the reactor’s construction and catalysts that
are suitable for the microwave processes and also low-cost and generally to
improve the stability and the overall reliability of the MW plasma processes.

All in all more studies need to be conducted in order to optimize the processes
proposed even more, in terms of efficiency, energy consumption, total cost
and environmental impacts. The future must become ”greener” which means
that the industries, the research centers and the governments worldwide need
to collaborate and act fast and efficiently.
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Chapter 6

Appendix

Temperature (C)

Figure 25: Sensitivity analysis using Aspen Plus (RGibbs unit) for the effect
of temperature on CH,4 conversion in the Dry Methane Reforming reaction.

112



0.9

0.8

|

MeOH produced (kg/h)

0.7
0.6
0.5

CO conversion

0.4
0.3

0.2
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

Pressure (bar)

13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000

—e—200C CO_conv
=—a— 220C CO_conv
—e—250C CO_conv
——200C MeOH_prod (kg/h)
—e—220C MeOH_prod (kg/h)
—e—250C MeOH_prod (kg/h)

Figure 26: Sensitivity analysis using Aspen Plus for the effect of pressure on

CO conversion in the methanol synthesis reactor.
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Figure 34: Grid Diagrams for the three case studies. (A): conventional DMR
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Table 22: Global warming potential expressed in kgco,—eq/kgrmeon, for every
component of each category (raw materials, utilities, waste, direct emissions)
of each case study, using the Ecoinvent 3.9.1 (12/2022) database and the
CML v4.8 2016 no LT method.

global warming potential -

GWP100 (kgco,—eq/kE1com)
CS1 CS2 CS3

Raw materials
biogas (from anaerobic digestion) - - 0.16
hydrogen (from water electrolysis) 0.11 0.11 0.11

carbon dioxide 0.00 0.00 0.00
methane (from natural gas) 0.17 0.17 -
total 0.28 0.28 0.27
Utilities

electricity 0.01 0.02 0.02
steam (high pressure) 0.46 0.46 0.46
natural gas (furnace) 0.52 - -
cooling water 0.00 0.00 0.00
refrigerant (R-134a) 0.56 0.56 0.56
total 1.55 1.04 1.04
Waste

hydrogen sulfide - - 0.00
wastewater 0.00 0.00 0.00
total 0.00 0.00 0.01
Direct emissions

carbon dioxide 0.10 0.10 0.10
Total 1.94 1.44 1.43
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