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RESUMO

WIESBERG 1. L. Tecnologias deGerenciamentode CO2: Avaliacdo através de
Modelagem eAndlise Exergética Tese (Doutorado entEngenharia Ambiental),
Programa de Engenharia Ambiental, Escola Politécnica & Escola de Quimica
Universidade Federal do Rio de Janeiro, 2022. Orientaddossiuiz de Medeiros
OféliadeQueirozFernandesradjo.

A transicdo para uma economia de baixo carbono requer solucbes tecnoldgicas para
construir pontes para um futuro sustentavel. Além da viabilidade econbmica, as
solucdes devem ser capazes de mitigar as emissdes de carbono e também buscar a maior
eficiénciana exploracdo dos recursos, atingindo alguns objetivos da Agenda 2030 para
colaborarcom o meio ambiente do planeta. Esta Tésescologia industrial avalia
potenciais solucdes tecnologicas para uma producdo mais sustentavel em termos
técnicos, econdmicoambientais e de conservacao de exeff@. analisadgsrocessos
qguimicos e bioquimicos comprometidos com a producao de energiadébssilenergia

e de metanol de acordo com quatro Linhas de Pesquisa que correspondem diretamente
aos quatro principaisrtégos publicadosA Linha#1 analisou tecreconomicamente

uma nova rota de Captura e Utilizagdo de Carbono alimentada com gas de combustéo de
usinas termoelétricas a carvao, adotando a fixacdo de carbono de microalgas seguida de
gaseificacdo de biomassa dnhicroalgas e finalizandoom a sintese de metanoch

Linha#2 avaliou a conservacao de exergia do abatimento del€Qas de combustao

de termoelétricas a gas natural rico em.G@avés de trés rotas; nomeadamente,
Captura P6£ombustdo e Armazenamento de Carbono; Captura e Utilizacdo de
Carbono via producao de metanol via hidrogenacgao de €@roducao de metanol via
birreforma de gas natural rico em £@ Linha#3 estudou a Gaura e Armazenamento

de Carbono acopladas as unidades de cogeracao de biorrefinaria de bioetanol de cana
de-acucar por meio de modelos reduzidos para tomada de decisdo em relacdo aos
investimentos em ambas as unidades. Finalmente, af#dirdsiudou a coesvacao de
exergia e a otimizagéo do condicionamenffshorede gas natural rico em G@Qsando
processamento inovador com separadores supersénicos. As simulacfes de processos
com o portfélio AspenOne sao utilizadas para obter balancos de massa/energia,
necessarios para avaliar os asped¢éxsicos, econdmicos, ambientais e exergéticos da
sustentabilidadeOs principais resultados concretos desta Tese, no que diz respeito a
solucBes sustentaveis para o processamento de gas natural rico £msaGO
primeiramente a hidrogenacdo direta do €©@apturado é evidenciadem termos
exergéticoscomo a via mais sustentavel para extracdo de energia simultaneamente com
mitigacdo de carbono; em segundo lugar, os separadores supersonicos fornecem a
maneira mais sustentavel de realizar o condicionamento de gas natural rice.em CO

Palavras-chave: Captura de C& geracao deletricidade gasnatural;anélise
exergéticautilizacdo de CQ biorrefinaria



ABSTRACT

WIESBERG, I. L.CO2 Management Technologies: Assessment through Modeling
and Exergy Analysis DSc. Thesis (Doctorate in Environmental Engineering),
Environmental Engineering Program, EscBlaitécnica & Escola de Quimica, Federal
University of Rio de Janeiro, 2@. Advisors: José Luiz de Medeiros, Ofélia de Queiroz
Fernandes Araujo

The transition to a lowearbon economy requires technological solutions to build
bridges for a sustainablatfire. Besides economic feasibility, the solutions must be able
to mitigate carbon emissions and also pursuit the highest efficiency in the exploration of
the resources, achieving some goals of the Agenda 2030 to botvatrio the
environment of theplanet This Thesis on industrial ecology evaluatpstential
technological solutions foa more sustainable productian technical, economic,
environmental and exergyonservatiorgrounds Chemical ad biochemical processes
committedto fossitenergy, bbenergy ananethanolproductionsare analyzed according

to four Research Lineshat directly correspond to the main four published articles
Line#1 techneeconomically analyzed a new Carbon Capture and Utilization route fed
with flue-gas of coafired powe plants adopting microalgae carbon fixation followed
by microalgae biomass gasification and ending at methanol synthesis; ewvedtiate
exergy conservation d£0, abatemenfrom flue-gas ofpower plants firing C@rich
natural gasvia threeroutes namely, PostCombustion Carbon Capture and Storage
Carbon Capture and Utilizatioria methanol productiofrom CO, hydrogenation; and
methanol production vi€Oz-rich natural gas hieforming Line#3 studied Carbon
Capture and Storagmupled tocogeneration unitof sugarcandioethanol biorefinery

by means okurrogate modslfordecision makingegardinginvestmensg on both units
Finally, Line#4studied exergy conservatioand optimizationof offshoreconditioning

of COx-rich natural gas usingnovative gas processingith supersonic eparators.
Process simulations with AspenOne pditf@are used to obtain masgergy balances,
needed t@ccess th&echnical,economic, environmental and exgiguantitative aspects

of sustainability. The main concrete results ohis Thesis regarding sustainable
solutions forCOz-rich natural gas processingge: firstly, the direct hydrogenation of
captured CQ@is evinced on exergy grounds #g most sustainable router energy
extraction simultaneouslywith carbon abatement secondly, supersonic separators
provide the most sustainable way of perform@@-rich natural @s conditioning.

Keywords: CQO, capture power generation natural gas;exergy analysis CO;
utilization; biorefinery,

Vi
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1.INTRODUCTION

It is well known and accepted thetme climate changs taking place in the eartincluding

the global warming The scientists claim that one of the main reasons is the emission of
greenhouse gas€&HGS)in the atmosphereas nitrous oxide (N2O), methane(CHs), and
carbon dioxide (Cg). Despite being times less impactfithan methanand 264 times than
N20 in a horizon time of 100 yea@PCC, 2@4), CO, is the major contributoto this
phenomenaaccounting forabout60% of theglobal warming impactgALI et al., 2013)
Therefore, to avoid possible adversitiescaused by an increase in tlaverage earth

temperaturganefficient framework for mitigating C@emissions needs to be established.

The growing concern about the harméglpects of climate change has led to agreements on
ways to reduce and reverse the increasing concentration of anthropogenic carbon. One of the
most important is the Paris agreement, established at theoBference of the Parties (COP

21) in 2015, and aged by 195 countries, including Brazil. This agreement is intended to
hold the increase in the average temperature of the world to well below 2°C, when compared
to preindustrial levels, and pursuing efforts to limit it to 1.5°C. It claims that this
acconplishment would significantly decrease the climate change imp&atsh $ringent

climate targetslemandcarbon neutral or carbemegative technologies, especially in large

scale source (De Cian & Massim, 201R)g. 1.1 depictures the historical evolutiohCOzeq

emission, in terms of component and origin.
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Fig. 1.1. Global emissions of greenhouse gases by component and origin (Olivier &
Peters 2020).
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It is possible to be seen, from Fig. 1.1, tiet main responsible for the @€y emission is the
energy sectorgontributingfor more than 30 gigatonnes of @@ per year from Cfand a
minor amount, of less than 5 gigatonnes oh&Pper year, from CHemissions. Therefore,
it is critical to implement ways for carbon mitigationtims sector to achieve the target of
1.5°C.

The world economy is widely dependeamnt fossil fuelsfor energy productionwhich upon
combustion generates a flue gasntainingCO; as its main componenAs shown in Fig.

1.2, some fossil fuelsas petroleum and natural gl$G), are going tocontinue to increase
considerableats consumption albeit renewables are expected to become one ofmtie
resource for primary energyreducing CQ@ emissions in a context of expanding energy
demand, strongly supported by fossil fuels, is a big challdgiferts are beingdedicatedo

the development of efficieriechnologiedo produce energy in a sustainable welpwever,
there is currently no matel technology that mitigates carbon emissions without imposing a

strong economic penaltp the emitting industry.

() (b)
Primary energy consumption by energy source, Share of primary energy consumption by source,
world world
quadrillion British thermal units percentage _ -
i history projections
300 . — petroleum 100%
history 'projections
;md gmer 90%
250 iquias renewables
renewables 80%
70%
200 natural gas ° coal
coal 60%
150 50%
petroleum
40% and other
100 30% liquids
50 20%
nuclear 10% natural gas
0 « : : . ; 0% nuclear
2010 2020 2030 2040 2050 2020 2050

Fig. 12. Primary energy consumption by energy sourc®y (a) absolute values and (b)
share EIA, 2021).

In the period from préndustrial activities up to 2068015, the increase in globakar
surface air temperaturss estimated to be 0.97°C (x0.12°Q@PCC, 2018). There is a
remaining carbon budgete., cumulative CQ emissions of about 420 GtC®for a two
thirdschance of limiting warming to 1.5°@r 580 GtCQ for an even chance (IPCC, 2018b)
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This is equivalent to 10 years of current GHG emissibnigdlingsteiret al., 2021), showing

that the time is short and actions need to be put into practice urgently.

To shed some lightohow t o addr ess t theeassasgmeatofntie mipacts t ar
and mitigation pathways of climate change can be performed cangid®enarios of the
energyeconomyland system. Recently, the Shared Samionomic Pathways (SSPsgs

developed to represent five distinct storylines of this system: (SSP1) development under a
greengrowth paradigm; (SSP2) a midebé-theroad developma along historical patterns;

(SSP3) a regionally heterogeneous development; (SSP4) a development that results in both
geographical and social inequalities; and (SSP5) a development path that is dominated by

high energy demand supplied by extensive fdsgil use(O 6 N et al., R017).

Using six Integrated Assessment ModdllAM) to foresee the climate change based on
human development and societal choisesnesuccessful scenarios limiting themperature
increase in 1.5°C by the end of the century couldttained(Rogel;j et al., 2018)in SSP1,

all six IAM have found a viable 1.5°C scenario, while no model found a v&dgearioin
SSP3.The models are allowed to temporarlyershoot the target, as can be seen inIFEg)
requiring some Negative Emission Technology (NET) to draw f@dn the atmosphere and

bring the global temperature back down.

SSP1 SSP2 SSP4 SSP5
2.0

Degrees C warming since pre-industrial

0.8

2020 2040 2060 2080 2100

Fig. 1.3. Global mean temperature across the viable scenarios from Rogelj dt £2018).
(Sou ce: Carbonbrief, 2018)

12



Therefore Bioenergy with Carbon Capture and Storage (BECCS) plays an important role to
achieve viable scenariofhe combination of Bioenergy production with Carbon Capture and
Storage (CCSdechnologiess required because the bioenergy adoppienseonly achieve

a carbon neutral emission, since the carbon absorbed during biomass growth will return to the
atmosphere (Carminati et al., 2019). On the other hand, BECCS is considered a NET, since it
can reduce the concentration of £@ the atmosphere. In the simtitas performed by

Rogelj et al. (2018)from 150 to 1,200 GtC£is removed from the atmosphere with this
technology, with variations between the IAM and SSPs (Rogelj et al., 2017).

In the context of increasingnatural gas (NG) and oil demand, conceris about the
sustainability of theoil & gas exploitation industry in the future is reasonabiefact, NG
demand predictions shows a rise of 1.1% a year, until,26B(iggest one among the fossil
fuels (EIA, 2019).The main advantage of tidG expansion against the other fossil fuels is
the lower CQ emission per energy production. Abd@ kg of CO, areemittedper MMBtu
generated, whilenore tharO0 kg of CQ is emitted fromcoal and more thar2 kg of CQ
from distillate fuel oil. The cleartombustionof NG contributes to its increasing usdor
powergeneratior(EIA, 2021).

To supplythe increasing demandhe exploration and production of offshore-aildgas
fields with high gago-oil ratio and high C@content is increasing substantially, in spite of its
lower methane content that imposéschnological challengegor its utilization and
conditioning This is the case of the Brazilianggsaltdeepwaterfields with CO, contentsup

to 79%mol with gado-oil ratios around 20,000 scf/bliéffney, Cline & Associates, 2010).
The development of a more sustaindl(@ conditioning, adequate 8 CQ-rich condition,is
required In this sense, the most plausible destination of the i€@he reinjection ito the
reservoir, for Enhanced Oil Recovery (EOR) purposes.

The uncommon conditions of high gsoil ratio and CQ content of the associat®G of
recent presalt exploitation imposes a challenge in its conditioning process, edquiior to
transportation and commercialization. Inegent past, the gas was fully burned in giant flares
emitting indescribable amounts of €@ the atmosphere, since there was total prioritization
to oil production in offshore ciindgas enterprises (Aradjo et al., 2017). As environmental

law is more restrictive about GCGemissions, an upstreaconditioning system for CQ
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removal is requiredThis results in an unusual high topside area and weight requirement in

platformsfor the presalt oil exploitation, stimulating the design of new FBSO

In chemical processeshe CO, captured from combustion gases is currently used as a
renewable raw matial to boost urea (N\MCONH) production, by reacting it with N4
However, most of the CQOequired is still provided by the reform of tN&s in the hydrogen
production stage, which is reacted with td produce NH (Araujo et al., 2014 Currently,

the greatest demand for G@ in enhanceail recovery (EOR), where it is used to increase

oil productivity. It is estimated thdbr each ton of C@injected, 2 to 3 barrels of oil are
recovered. A large part of the €Q@enerated by anthropogenic activities is emitted into the
atmosphere due to the lack of competitive technology capable of capturing and transforming
the CQ into raw material. Therefer it is still little used in the chemical industriAgng,

2013).

Power plants are major stationary sources ot @ad environmental constraints demand
technologies for its abatement. A potential solution is its capture from the flue gas to produce
a purestream of C@ and then converting it into products of commercial value, such as
chemical commodities and polymesrésta 2010). Carbon Capture and Utilization (CCU)

to methanol has the potential to address relevant sustainability issues. Besidegatiemit

this technology can also be an economically feasible replacement of fossil raw materials for
downstream products. For example, methanol can replace crude oil through Mé&itvanol
Olefins (MTO) route \Wang et al., 2015), through its use as vehiclelfor in power
production. It can even shift NG demand because it is the most common raw material for its

production.

The driving force for the development of alternatives to methanol synthesis lies in the use of
CQO; as a raw material for the chemicadustry. These alternatives have the potential to
reduce industrial dependence on crude oil and NG. In addition, the low cost of NG, the
traditional methanol feedstock, is cited as the driving force for expanding the methaerd|
industry Efenberger 2014), a required step for a methanol economywhich methanol
replaces fossil fuels as energy storagee fossil fuel route is a required step for a sustainable
methanol economywhich carbe substitutedafterwardsfor a renewable feedstock, as £0

1.1. Carbon Mitigation Technologies

14



Carbon Capture and Storage (CCS) and Carbon Capture and Utilization (CCU) are the main
technologies for carbon mitigation from stationary sources. In the foamaure stream of

CQO, is obtained,with the processvarying accordingly to thecapture route (preombustion,

pos combustion or oxyfuel)lhe purified CQ is then compressei high pressures, up to

200 bar, where C&s in its supercritical state. The @@ then transportetb the location of

the geological reservoir and thdisposed in itPresently, CCS is the only G@anagement
chain that all the steps are ready to be put into operation at high suaé® et al., 2014).

In the latter, the captured G@ used as raw material to prodwneenvironmentallyfriendly
product, as methanol, with the capacity of achieving two objectives of sustainable production:
economically feasible displacement of fossil fuels and avoidanc&h& emissions
(Wiesberg et a] 2016)

On the other hand, CCS only has some revenue when thesG@Bed for EOR purposes
despite being capital and energy intensiVéerefore, a green premium in tlwest of
electricity (COE)is required, so that CCS can become feasible. Another possibility is the
adoption of GHGemission taxation bgovernmentapolicies. In this way, the advantage of

performing the investment is the avoidance of the taxation.

There aretliree main technologs for the capture stey a flue gas: (i) postombustion; (ii)
pre-combustion; (iii) oxyfuelFig. 14 showsthe block flow diagramof the configurations.
As can be seen, the pagsimbustionconsistan separating hifrom CQ; after the combustion
of the fuels with air in the boiler. The advantage of such configuration is theirdrop
characteristic, since it can be attache@moperating plant, without any modifications. The
postcombustion technology with the highest matuns the chemical absorption using
monoethanolamine, used in thi industry for CQ removal at onshore processing. In its
turn, the precombustion technology uses pure oxygen, producexhifir Separation Unit
(ASU), for thegasificationof the fuel, prducing a syngas. The syngas is then shifted;to H
and CQ, by means of the Waté&as Shift reaction. The GQ@apture unit, then, removes the
CQO, and the pure His used as the fuel, producing only water upon its combustion. Finally,
the oxyfuel uses puredrom an ASU,eliminatingthe presence of the>Nn the flue gas,

which contains almost pure GO
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Fig. 14. Block flow diagram of the postcombustion, precombustion, and oxy
combustion configuration (Source: Wu et al., 2018).

Fig. 15 shows a possible BECCS configuration, where the flue gas of a cogeneration system,

fueled by sugarcane bagasse, is captwi#da postcombustion configuration.

Electricity to Grid
CO, b }- Super High
i Electricity w Pressure Steam

. i

Steam

—

Sugarcane Sugarcane

Bagasse

Bioproducts Onshore R

F'ransport
Enhanced Ol
Recovery

(EOR)

Fig. 15. Bioenergy production with Carbon Capture and Storage with postombustion
configuration (Source: Wiesberget al., 2020).

In the context of C@capture fromNG, the Membrane Permeation (MP) is the most mature
technology, where CQ permeates the membrane, while the hydrocarbons flow to the
retentate outlet stream. Howevesupersonic separatiagachnology is a novel and promising
technology with a low topside areaequirementin this technology, thé.aval expansion
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generates a deep temperature drop, condensing heavy species atha @{3tin this cases
directed to the walls by the centrifugal field and caught in the liquid collgdtberpossible
technologies arehe Physical absorptionand Chemical absorptianit is also possible to

perform NG conditioning with a combination of théAradjo et al., 2Q.7).

1.2. Exergy Analysis

This Thesis useghe conceptof Exergy Analysisfor sustainability assessmenwhich is

described in this section

The First Law of Thermodynamics establishes, through Joule's experiments, that heat and
work are two forms otnergytransfer to/from a given systerand thee forms of energy
transfercontribute similarly to the content of internal energy of the syskémwever,n spite

of establishinghe principle ofsystem energy conservatiahge First Law does not provide
information on theghermodynamiocquality of these kinds ofenergytransfer Through the

First Law it is possible to carry out energy balances in open systems performing chemical
and/or physical processing. This type of balance calculates the amount of thia¢rmgust be
supplied or that is generated by the system. Again, it prouid@snationneitheron quality

nor energy degradation information throughih&process.

The Second Law of Thermodynamics restricts processes by stating thguipment can
function in order to completely and cyclically transform heat into work, differing from one to
another. With the concept of entropy, the Second Law further states that every process
develops in the sense in whithe entropy variation of th@niverse is positive, being zero in
reversible processes, in which they have theoretical maximum work achievable by a
thermodynamic cycle. In this way, the quality of energy always degrades since all processes
are irreversible, generatirigpat effectshatcannot bentegrallyused asvork if the process is
reversedfor examplewhen work done on a system becomes puretheatigh friction.This

heat cannot be used to regenerate integrally the original expended work (i.e., the Universe has

irreversibly chaged).

Considering steadgtate open systems, theeegy flowrate associated to a feed or a product
stream of this systens a thermodynamic property based on the First and Secondthatvs

expresses thenaximum rate ofwork thatcan be obtained by bringy this stream to full
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equilibriumwith a chosen Reference Environmental Reservoir (RER)s, exergy flowrate

is a measure of thedahermodynamidistanceé betweenthe initial state of the strearo the

RER stateand thereforecan be translated ascannetion between environmental impacts
associated to that streaandthelaws of thermodynamics (BILGEN et al., 2015). The exergy

rate entering or exiting a system has a power unit and is an extensive property because it
depends on the flow of the analyzerbain. The higher its value, tgeeater theate ofwork

thatcan be producefiiom saidstream.

Thus, unlike the entropy that always increase®prains constant in thenierse(therefore

it is indestructible), exergy is always destroyed in irrevergibbeessesi.€., disappears
remaining constaninly for reversible processes (therefore it is destrugtillae maximum

exergy content of the hiverse and the minimum entrogpntent simultaneouslgccurred
sometime afteits creation, and since then the former has always decayed as it is continually
destroyed by spontaneitiewhile the latter always grows as it aéseatedby spontaneities
(irreversibilitieg, accordingto the respective rates @xergy destructionand of entropy
creationthat can be shown to lwbrectly proportional. Another useful comparison between
them is that just as entropy is usually interpreted with the disorder of a system, exergy can be

interpreted as its ordeRsenret al., 2008).

On the othehand, a similarity between exergy and entropy is that both are positive properties
per unit of material: entropy due to the Third Law of Thermodynamics and exergy because
any stream produces some power when brought to equilibrium with RER, unless it is the
RER itself in which the exergy flowrate is naturally zero because it is already in equilibrium
with RER. Due to these characteristics, tlgeadystate exergy balance can provide
informationaboutthe rate ofdegradation of mechanical energysociated t@a steadystate

open system undergoing a process

An example of the difference between exegificiency and thermodynamigield (which
should not be confused with thermodynamic efficienisya Carnot Machine that operates
with hot source temperature ejuo twice the cold sourceemperature This cycle has a
thermodynamicyield of 50%, even though it iperfectly ideal and there is no room for
improvement((i.e., it provides the best yield of hesbrk conversion)On the other handheé

exergy efficiengy and the thermodynamic efficiencyhowever, areboth equal to 100%,
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evidencing that the processabsolutely reversible andeal Rosenet al., 2008). It is clear

that exergy can better identitgchnological benefitshanthe energy The assessment of
exergy efficiency of processes is called Bxergy Analysis of Processes, while the
assessment of thermodynamic efficiency of processesespmmds to Thermodynamic
Analysis of Processd#/il &o et al., 2021)Both Exergy and Thermodynamic Efficiencies of
steadystate processes variate solidarily in the same direction and are virtually equivalent
forms of measuring the efficiency and sustailigbof processes, but their values are
generally not the same. Then, what is the difference between them? The main difference is
that Thermodynamic Analysis of Process is absolute; i.e., derives from the Second Law of
Thermodynamics and does not requrteRER, while RER has a critical role in Exergy
Analysis and must be chosewvery wisely as shown in this Thesifn interesting idea,
apparently seltontradictory, is to say that the RER is, at the same time, the strongest point

and the Achilles Heel of Eexgy Analysis of Processes.

Thus, Exergy Analysis is useful for improving the efficiencyusing natural resources by
locating, identifying and quantifying wastand loses Systems are better evaluated using
Exergy Analysis or Thermodynamic Analysis #m pure Energy Analysis because they
provideclearer data, especially féexergy or thermodynami@fficiency improvement. The
waste reduction, particularly from technologies that use energy fromenewable sources,

helps to improve sustainabilitpghlen et al., 2012).

In addition, Eergy Analysis and Thermodynamic Analysis identify, better thanegy
Analysis the environmental and economic benefits of a technology. The reason is that
exergy, sustainability and environmental swofs are closely taed. When Kkergy and
Thermodynamic Hiciencies approacli00%, environmental impacts approach zero because

all the raw material has been converted into a product, without emissions and losses. On the
other hand, sustainabiligpproaches zero forxergy and Thermodynamic Efficiencietose

to zero, since noth@is produced despite the resources consui@edtilenet al., 2012). The

ideal would bed obtain the greatest possiblgefgy and Thermodynamicficiencies, with

maximum sustainability and minimum environmental impact.
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1.3. Literature Gaps
This sectiorshows thditeraturegaps in the literature that thidh&sis has exptedto develop

several originastudiespublicly published

1.31. COz utilization for methanol production

The CCU formethanol production can be achieveddifyerent routesOne possibility isvia
biomassproductionby CQ consuming organisms, as microalgae a postcombustion
configuration Then, the biomass asifiedto produce synga@nixture of carbon monoxide
(CO), Hand a minor part of C£), which isconverted to methanol in a conventional reaction
unit and then purified Most of the works in the literature abo@O; bio-capture with
microalgae reports experimental results for lab soéla single equipment, generally the
bioreactor. However, b be relevant, a sustainability analysis of a chemical conversion
technology must go beyond simple evaluation of part of a procHss individual
performance indexes, such as conversionmardentage of Cfcaptured areoftenthe only

data evaluated, while the ideal would be to evaluate the process as a whole.

Although thestudyof microalgaebased technology for CCU is not new, the literature is rare
in analyses comparinpereturn in thenvestmentnd the resulting cost €0, avoided with
respect to CCSTherefore,use of Process Engineeri®ystemtools as process simulators
andeconomic evaluatioroftware is a lack in the literaturé his Thesis explores this gdyy
simulating this CCU procesand evalating its economic performance, considering the best
resultsof the experimental results available in the literature

Other options for the methanol production from €@rethe bireforming of NG and the
direct hydrogenation of the COIn the bireforming of NG, theCO;,, steam,and the
hydrocarbons areeactedin a single reactoto produce the synga3he idea is that the
addition of CQ reduces the amount of Glequired.Then,a conventional reaction step to
convertthe syngago methanol is requiredOn the other handhe directhydrogenation
requires only theeaction itselfand the purification steue to the chemical stability of
CO,, the proposed routes require severactige conditions, which demand energy for
compression and heating, adding capital, operational and environmental Thsts.
assessment of technieetonomic and environmental aspects of the CCU to methanol is well

documented in the literature.
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However,there is a gap in the literature about the exergy performance of the CCU for
methanol productigrconsidering thentire chain fronpower plant generatioof the flue-gas

until CO final conversion to methandWoreover the comparison of this route withdS and

the simple emission to the atmosphere is also a Batk lacks arexploredin this Thesis.

1.32. Bioenergy Production

The ethanol production from sugarcane has two points aofeé@@ssion (i) the offgas as a
result of thefermentation processyhich contains only Cg) eliminatingthe capture stepf
the BECCS, andi) a fluegas stream from the Combined Heat and Power (C&#Pa result
from sugarcane bagasse combustion in the boiler. The teckomabmic assessment bt
ethanol biorefinery wit BECCS of both streamsndividual and simultaneously are well
investigated in the literaturélowever, the developed modeisailablein the literature are
not user friendlyand not flexibleto changes in capacityf anotheroperatingcondition for the
CHP unit is soughtall the projectsmust be remodeled @ccommodat¢he new conditions
which can takesomedaysto obtain thenewresults In addition, few data are available in the
literature about the investmeoita standalonéBE)CCSor of a CHP.

This Thesis explores the use of surrogate motelmimic the behaviorof the economic
performanceof the BECCSHence,it is usedfor immediate technicaéconomic analysidts
advantages its simplicity andthe agility to obtain a new resufor a new set ofconditions

The original idea is to use the CHP/BECCS surrogate models together with similar models
for other units (e.g., ethylene production from ethanol, bioethanol production setthat a

simulator of the investment in a biorefinery can be developed.

1.33. CO2-rich raw natural gas conditioning

The stages required for the conditioning of the@€h NG is: (i) Water DewPoint
Adjustment, to prevent hydrate formation, fydrocarbon DewPoint Adjustment (HDPA),
consisting of heavy hydrocarbon removal, to satisfy market specifications of hydrocarbon
contents, (iii) removal of C§) to increase gaheating valuereduce flowate and avoid
corrosion. The most mature configuration for the conditioninghf type of NG is water
absorption with Triethylene Glycol (TEG) for water removal, expansion in a-Joweson

(JT) valve for HDPA and Membrane Permeation (MP)3®, removal.

The main drawback of this conditioning configuration is the high loss afiCkhe MP, the

high pressure drop in the permeate stream, containing the captusece@@ring a powerful
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compression system, the high pressure drop in the JT valve and the high footprint and weight
of theequipment A recent technologinvolvesthe utlization of Supersonic Separators (SS)

for CO; removal and for HDPA. This technology is already proven to be technical (de Melo
et al., 2019) and econonaity (Arinelli et al., 2017) favorable, when compared to the
conventional oneHowever, the benefitsfahe SS technologyre still not covered in the
literature in terms of exergy efficiency to analyze its sustaitygbilhich is explored in this
Thesis. This analysis can be anotheioptbat the conditioning process with SS units is more
sustainable.

1.4. The Present Work

The main objective of this Tesis is tocontributefor the sustainablelevelopment of the
chemicaland energy sectoproducing a cleaner energy andmbatingthe climate change
and its impactsthus fulfilling some goals of theUnited Nations2030 agendaThis is
accomplishedyy developing and analyzingew technologigswhich has potential to bmore
sustainablethan the conventional one¥he mainscope of this Tesisis (bio)chemical
processs directed topower plants ando COp-rich NG exploitation to mitigate CQ
emissionsandthe sustainability is verifiedrotechnical, economic, environmental and eyerg
conservation ground3he technological innovations goeesentedccording to fouresearch
linesi Line#l, Line#2, Line#3 and Line#4 with great contribution tdhe increase of the
stateof-the-art knowledgehroughscientific publications

Line#11 Evaluates the sustainability of a new CCU from doald power plant fluegas via
microalgae carbon capture, passing through microalgae biomass gasification, and reaching

methanol production.

Line#21 Evaluatesthe sustainability of theCCU for methanol pduction from power plant
flue-gas comparing it with the CCS technology.

Line#31 Evaluateghe sustainability oapplying CCS to bioenergy productionsugarcane

biorefineries

Line#4 1 Evaluates the sustainabilitgf novel technologies for fitshore COp-rich NG

conditioning systemwith Supersonic Separatossth EOR destination

Despite associatetb different sectors (bioenergyroduction fossitenergy production,

methanolproduction,and CO-rich NG processiny dl the analyzed routes are possible
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pathwaysto achievea sustainable developmenihey are plausible solutions famitigating
CO emissiondrom flue-gas displacing fossil fuel®r for increasing the performance of the

current technologies.

1.4.10utline of Thesis structure

This Thesis is structureds a collection of published articlesinternational indexed journals
(Chapters 2, 3, 4 and.5)hey areinserted chaptewise afterformatting adjustmentof the

reference lists, figures, tables and equatievtsch were indexed aceding to the respective
chapter.Each workbelongs to a Researchnke as shownn Table 1.1.0ne large appendix

chaptershowsall the scientfic production related to thishesis

Table 1.1.Research Linesassociated witheachchapter.

ResearchLine Chapters Articles References

Line#1: TechneEconomic Analysis of
CCU to methanol production via
microalgae culture using flugas of
coakfired power plants
Line#2:Exergy Analysis ofCU to
methanol productiofrom CQ-rich NG 03 Wiesberg et al. (2019)
versus CCS

Line#3: TechneEconomic Analysis of

Bioenergy production with CCia 04 Wiesberg et al. (2021a)
sugarcane biorefinery

Line#4:Exergy Analysis oDffshore

COp-rich NG processingvith supersonic 05 Wiesberg et al. (2021b)
separators

02 Wiesberg et al. (2017)

A brief description of each chapterthis Thesis is presented in the following paragraphs.

Chapter 1 summarizeghe themes related tthis Thesis, contextualizing and discussing key
aspects of thResearch Lineand demonstrating the motivations, achievements and structure
of the Thesis.

Chapter 2 evaluates th€CU for methanolandlipids productionfrom coatfired power plant
flue-gas, bymeans ofmicroalgae biofixationThe biomass is converteéd methanobia its
gasification prior to conventional synga®nversiorto methanalThe microalgaearechosen
because of its high capacity perform CO; fixation and greaterlipid content.This CCU
routeis economically compared the conventionalCCS adoptingthe chemical absorption

with amineas the CQcapture stepThe sustainability is assessed by techrszainomic and
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environmental aspect¥his chaptepresents a fullength paper published in tli®urnal of

EnvironmentaManagemen({Wiesberg et al., 2017).

Chapter 3 evaluateshe sustainability ofwo routes of CCU for methanol production: the
direct CQ hydrogenation anthe bi-reforming of NG The capture step is performed with
chemical absorption with MEA. The sustainabilityassessed viaxeérgy Analysisover the

powerplant operation until the CQlestination The CCU exerg performance is compared

with theperformances of th€ECS andf the flue-gasemission.

Chapter 4 evaluates the sustainability of the BECCS of a CHP unit from sugarcane bagasse,
assessed by technieatonomic aspects. The carbon capture is performed by chemical
absorption with MEA. A surrogate model is generated for eachistedorthe CHP andor

the CCS.

Chapter 5 evaluates the sustainability of the SS technology for offshoreriC® NG
conditioning for WDPA, HDPA, and CQOemovalvia Exergy Analysisand compares it to
conventional processes using TEG+JT+MR0 innovativeSSbased processingutes are
analyzed The first one ighe use of SS for WDPA+HDPA, simultaneously, being the CO
removal performed by MP. The second one uses the same SS of therffrgurationplus

another one for C&xemoval,in place of the MP.
Chapter 6 finally presents anverall conclusiorof the results achieved in thi$esis

Appendix A presents the productions gathered throughout this Thesis. Productions are
organized in chronological order in which they were achieved.

Finally, Appendix B presents th&upplementary matial of the Chapter 2
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2. CARBON DIOXIDE UTILIZATION IN A MICROALGA -BASED BIOREFINERY:
EFFICIENCY OF CARBON REMOVAL AND ECONOMIC PERFORMANCE

UNDER CARBON TAXATION.

This chapter corresponds taan article published in the Journal of Environmental
Management.

WIESBERG, |. L; BRIGAG\O, G. V.; DE MEDEIROS, J. L.; ARAJO, O. Q. F. Carbon
dioxide utilization in a microalghased biorefinery: Efficiency of carbon removaldan
economic performance under carbon taxation. Journal of Environmental Management, 203, p.
988-998, 2017.

Abstract

Coalfired power plants are major stationary sources of carbon dioxide and environmental
constraints demand technologies for abatement. Although Carbon Capture and Storage is the
most mature route, it poses severe economic penalty to power generatiomatiiedy, this
penalty is potentially reduced by Carbon Capture and Utilization, which converts carbon
dioxide to valuable products, monetizing it. This work evaluates a route consisting of carbon
dioxide biacapture by Chlorella pyrenoidosa and use efrésulting biomass as feedstock to

a microalgaéased biorefinery; Carbon Capture and Storage route is evaluated as a reference
technology. The integrated arrangement comprises: (a) carbon dioxide biocapture in a
photobioreactorwith biomass productign(b) oil extraction from part of the produced
biomass, (b) gasification of remaining biomass to obtairshimas, and (c) conversion of
bio-syngas to methanol. Calculation of capital and operational expenditures are estimated
based on mass and energy baésnobtained by process simulation for both routes (Carbon
Capture and Storage and the biorefinery). Capital expenditure for the biorefinery is higher by
a factor of 6.7, while operational expenditure is lower by a factor of 0.45 and revenues occur
only for this route, with a ratio revenue / operational expenditure of 1.6. The photobioreactor
is responsible for one fifth of the biorefinery capital expenditure, with footprint of about 1000
ha, posing the most significant barrier for technical and econonsibiis of the proposed
biorefinery. The Biorefinery and Carbon Capture and Storage routes show carbon dioxide
capture efficiency of 73% and 48%, respectively, with capture cost of 139%/t and 304%/t.
Additionally, the biorefinery has superior performance all evaluated metrics of

environmental impacts.

Keywords: Carbon capture and storage; carbon dioxide utilization; microalgae; biorefinery;

biomass gasification; methanol synthesis.

28



Abbreviations

AP ¢ Acidification Potential

ASU ¢ Air Separation Unit

ATP ¢ Aquatic Toxicity Potential

BAU ¢ Business as Usual

BM ¢ Biomass

BRY ¢ Biorefinery

CAPEX ¢ Capital Expenditure

CCS¢ Carbon Capture and Storage

CCU ¢ Carbon Capture and Utilization
CCUSc Carbon Capture, Utilization and Storage
EOR¢ Enhanced Oil Recovery

GOX ¢ Gaseous Oxygen

GSD¢ Greenhouse Solar Drying

GWP ¢ Global Warming Potential

HE ¢ HydroElectric power plant

HHV ¢ Higher Heating Value

HTPE¢ Human Toxicity Potential by Exposure
HTPI ¢ Human Toxicity Potential by Ingestion
IRR ¢ Internal Rate of Return

LHV ¢ Lower Heating Value

MARR ¢ Minimum Acceptable Rate of Return
MEA ¢ Monoethanolamine

MeOH ¢ Methanol

MMUSS$ ¢ Millions of United States Dddrs

NG ¢ Natural Gas

NGCCc¢ Natural Gas Combined Cycle

NPV ¢ Net Present Value

ODP¢ Ozone Depletion Potential

OPEX¢ Operational Expenditure

PBR ¢ Photobioreactor

PG-SAFT ¢ PerturbeeChain Statistical Association Fluid Theory
PCOPc¢ Photochemical Oxidain Potential
PEA ¢ Process Economic Analyzer

PEI ¢ Potential Environment Impact

SRK ¢ SoaveRedlichKwong

TTP ¢ Terrestrial Toxicity Potential

UNIQUAC ¢ Universal QuasiChemical

WAR ¢ Waste Reduction Algorithm

2.1. Introduction
The world economy iieavily dependent on fossil fuels, generating massive emissions of
carbon dioxide (Cg). Coal fired power plants are among the major stationary sources;of CO

emissions, where Carbon Capture and Storage (CCS) is the leading technology. for CO
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management. &sides recognized technical barriérse.g., existence of geological sites
(CuéllarFranca and Azapagic, 2015), €@onitoring for leakage (Cheah et al., 2018he
absence of revenues imposes relevant economic penalty to theo@@e processes due to
the significant capital investment required.

Alternatively, utilization of CQ aims to add value to the captured gGOarbon Capture and
Utilization, CCU), through its chemical conversion (Aresta, 2010). The ensemble of
technologies for C®&management iseferred to CCUS (i.e., CCS+CCU), spanning from
storage to physical, chemical and biochemical utilization (e.g., Enhanced Oil Retovery
EOR, methanol production). It is worth noting that a few chemical syntheses empl@asCO
feedstock at a commercial $ede.g., urea) (Aresta, 2010), where most alternatives are at the
earlier stages of technology readiness level (most of them are still at laboratory or bench
scale). Conversion of GOto methanol (MeOH) outstands as a promising alternative,
accordingly to technical and economic studies evaluating capital and operational
expenditures, and environmental performance. Kourkoumpas et al. (2016) investigated the
methanol production based on £€apture from lignite power plants, estimating MeOH
production costbo 4210/t in case of a Rerezvates etpal. a n't
(2016) investigated the direct G@ydrogenation, estimatingn avoidance of Z2on of CQ

per ton of MeOH produced. Gong et al. (2016) analyzed a superior use of the usually emitted
coke oven gas, claiming higher techeconomic performance when compared to other

carbon to methanol routes.

In fact, EOR and CCS are presently the only,@@nagement chains that include steps ready

to be put into operation at high scales: some separathndlogies for Cepostcombustion
capture, C@compression and GQransportation via pipelines (Araujo et al., 2014). Except

for EOR, lack of large commercial scale application is mainly due to technological gaps.
Technology changes in energy and tramtgtion systems play a central role in response to
climate changes, and most of these routes face technological challenges and economic

barriers, requiring support to widespread use (Kypreos and Turton, 2011).

Based on a review of life cycle analyses, aud-ranca and Azapagic (2015) observed that
the environmental benefit of G@moval with CCS is accompanied by the increase of other
environmental impacts (e.g., acidification and human toxicity), and recommend consideration
of a wider range of impactsom CCS and CCU, rather than focusing exclusively on the
GWP (Global Warming Potential).
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Economic aspects are rarely present in the literature as comparison ground between CCS and
CCU, and the relevance of the missing approach is magnified within thariscef carbon
taxation. There is a growing convergence of pehitgkers and economists that stablishing a
carbon price is the most effective way to reduce carbon footprint (Kypreos and Turton, 2011).
Despite the purpose of increasing the marginal cogregnhouse gas emissions (Pereira et

al., 2016), most studies on carbon taxation conclude for recessive impact on households due
to the increase in the prices of energy and enmrgysive goods (Dissou and Siddiqui,
2014).

However, from an engineering standpoint, carbon taxes have the potential of catalyzing the
progress to technological maturity, when faced as a production cost to be avoided (or
reduced) by abatement and destination rduigdug et al. (2014) evaluates ialing a CCUS

unit as a nodinear optimization problem where the objective is to maximize the net returns
from pursuing an optimal mix of CCUS (with MeOH synthesis as example of utilization) and
carbon trading, concluding for the dominance of carbon pncediscount rate on the results.
Carbon taxation was not considered by Uctug et al. (2014) desmtal@ioning scenario for
investigating the potential of CCUS technologies being expansion ofta&®s worldwide
(Eberhard, 2024(with Sweden having psently the highest ta¥xJS$150/t emitted C¢).

In this context, carbon taxes parallel environmental taxes (Chiu et al.,, 2015) and can be
approached as an operational cost (OPEX). Hence, reducing emissions (e.g.,2via CO
management technologies) decrsa@EX due to the minored incidence of carbon taxes.

This is especially relevant with growth in proven natural gas reserves accompanied by the
increase in fossil fuels (Zhang et al., 2017), which leads to coexistence of fossil based energy

generation andazbon taxes, constituting a relevant driver for CCUS technologies.

In its early stage of technological readiness, microalgae have received intense research, due
mainly to its high growth rates microalgae have the capacity to fix carbon dioxide with
efficiency 10 times higher than terrestrial plantand superior lipid content (Skjanes et al.,
2007). For instanceChlorella pyrenoidosdas total lipid content in dry biomass of up to

51% (Liu et al., 201). Goli et al. (2016) reviewed the literature foolaigical CQ fixation,

with emphasis on microalgae, and recognize superiority of photobioreactors (PBR) facing
raceways, although improvements in sagbe criteria are needed. Comparatively to
raceways, PBR require higher capital expenditure, but canvachach higher biomass and

lipid productivities (Moheimani, 2016). If successfully developed, biofixation of 6D
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microalgae and utilization of the grown biomass in biorefineries may generate revenues that

ultimately reduce the cost of mitigating €@missions from fossil fired power plants.

In this direction, the use of thermochemical processes (e.g., gasification) in biorefinery
designs are attractive due to the flexibility to process a variety of biomass feedstock (Garcia
et al., 2016), and yieldingrpducts with a wide range of large scale applications, e.g.,
synthesis gas, which is a common raw material to several mature technologies (e.g., MeOH
and ammonia) replacing their original fossil source, as syngas is conventionally derived from
natural gageforming. It is noteworthy that the scale of emissions associated to a fossil fired
power plant requires chemical commodities (e.g., ammonia) and energy products (e.g.
MeOH) for leveling large scale production and LDpply. Production of high added valu
functional biomolecules, although important for revenues, does not impadh&dtory due

to their limited demand, and an excess of supply would drastically reduce its sale price. In
fact, the portfolio of energy products and the processing scaleharentst important
variables that must be considered to improve the profitability of biorefineries (Garcia et al.,
2016). Hence, for a biorefinery focusing at £@ilization, a single or few products, with
long-term forecast of large demand, are recommeénd¢igh-added value biomolecules

should be produced at small scale to increase revenue.

Chea et al. (2016) reviewed current advances in biologicalc@gure and valorization, and
concluded thathie economic aspects must be considered to make the bilbiweh biomass
refinery more sustainable. Although the view of microalgased technology for CCU is not
new, the literature is rare in analyses comparing CAPEX, OPEX and the resulting cost of
CO; avoided with respect to CCS. Equally impacting to theeodrif the present work is the
inclusion of CQ taxation into a process engineering analysis, a relevant and often neglected
aspect. CQ captured as revenue (carbaredits) is rather the dominant approach in the
literature (e.g., Uctug et al., 2014) while pohimyakers are moving to G@s cost (taxation).

Although technological bottlenecks still prevent operation of microalgae mediated abatement
of CO; emissionson a commercial scale, this work contributes with a process engineering
approach to identify potential barriers, under carbon tax incidence, and quantitatively
compares the biorefinery alternative to CCS. Specifically, the study presents economic
feasibilty and environmental analyses of the performance of capturing ICChlorella
pyrenoidosand its chemical utilization to produce MeOH through biomass gasification, with

co-production of microalga oil to provide additional revenue (biorefinery as a CCU
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technology). The results from the microalgased biorefinery are compared with the CCS
option, under carbon tax incidence. Both analyses are performed considering that the
evaluated alternatives are in Brazil, where carbon taxation, although foreseem,yist no
enforced. Moreover, process design decisions are defined to benefit the economic return of

the operation (Davis et al., 2014), andoropose further improvements and optimization.

2.2 Methods

Two alternatives are proposed to abate, @mission from a codired power plant: a
microalgabased biorefinery (BRY) route and the CCS route. The BRY route consists of
biomass production (microalga cultivation and harvesting), oil extraction, biomass
gasification and conversion to MeOH. The C@ftite combines CfOcapture by chemical
absorption with amine and G@ompression for transportation and storage. To evaluate the
feasibility of BRY and CCS, the process configuration for each route is defined and
simulated in Aspen Hysys (AspenTech Inoi) mass and energy balance calculation. Process
simulation results are then used for equipment costing in Aspen PEA (AspenTech Inc.) and
for inventory assessment to support economic and environmental analyses. Fig. 2.1 presents
an overview of the applied ethods, and Fig. 2.2 depicts the abridged scope of the economic
and environmental analyses. Te¢wal firedpower plants outside the boundaries of the study

as it is not affected by design decisions adopted in the CCU or CCS alternatives.

Inventory Environmental Environmental
Compilation > Analysis I&?ﬁ;ﬁﬁg
Process
Smulation | i
(Aspen Hysys)
Equipment Szing .| Economic NPV 20 yearsand
(Aspen PEA) "I Analysis $/t QO captured

Fig. 2.1 Comparative analysis of BRY and CCS: sequenced steps.

| Waste :
o t ,
: Aue Capture Route Products (Methanol and |
Power Pant —:— Gas | (Biorefinery or Carbon ——>  microalga oil or GO, :
| Capture and Sorage) geologically stored) :
|
Energy | e . :
| ergy + Raw |
| Material SOOPE |

—_———— e a1

Fig. 2.2 Scope of the environmental and economic analyses.
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The flows of products, waste, energy and raw materials of each technologiytaireed by
process simulation. Most of the unit operations (e.g., compression, absorption, solvent
regeneration and distillation) are available in the Aspen Hysys libianyit (operation
block€). However, to simulate the biomass production in the PBRthef BRY, a
compositional approach is required. A stream dpfiré microalga is created by the
combination of its components (the metabolic pabjsdse, dproteing anddcarbohydratey

in proportions to meet lipid profile and biomass composition oldafr@m the literature.
oCarbohydratesis represented as sucrosipidse are simulated as a set of carboxylic acids
anddproteing as a pseudoomponent with molecular formulai116N20Ogs. The volumetric

flow entering the PBR is obtained from the amourtiomass that must be produced to yield

a biomass concentration of 4 g/L, considering the stoichiometric ratio eft€€®iomass
production in the photosynthesis reaction, given in Et. The PBR model also computes

the amount of oxygen (Pproduced ash water (HO) consumed (Eqg. 2.1). The last degree of
freedom of the PBR unit is the dilution rate, which is adjusted to achieve a specified residual
CQz in the medium, calculated by the €&nsumption efficiency of the PBR.

p60  TGOU Wi QO QY 65 06 0Y p TR B TWOU
(2.1)

2.3. Process description

This section presents simplified Process Flow Diagram (PFD) of the evaluated processes,
BRY and CCS. Detailed process flowsheets are provided in Appendix A of the
Supplementary Material.

2.3.1. Biomass production, conversion to methanol and oil extraction (biorefinery)

Fig. 2.3 depicts the simplified PFD for the first area of the BRY route: biomass production
and oil extraction (BRYL), while Fig. 2.4 depicts the PFof the biomass gasification and
MeOH production (BRY2).
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Fig. 2.3 Process Flow Diagram of biomass production and oil extraction (BRY.).
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Fig._2._4. ;ro_ce;sﬁon &aEraTm_for_an;is_s gasification ahMeOH production (BRY -2).

Solvent regeneration, CQ liquefaction and cogeneration are omitted, although
considered in the simulation and related analyses.

Jl_l\/le_thaﬂoléynthesis Unit 3

Considering limitations in market demand for abrupt increase in the supply of microalgae oll,
only 25% of the produced biomass is destined to oil etxtra, while the remainder is sent to
MeOH productionCO, from flue gas is absorbed into water in an air lift arrangement, which
contacts the gas feed stream with the water recycle from the dewatering unit, allowing mass
transport ofCO, from the gas intdhe liquid phase. The carbonated water is fed, driven by
gravity, to the PBR, consisting of horizontal transparent tubes in a vertical arrangement. The
reactor effluent is sent to dewatering, which accounts feB@®6 of the overall biomass

production cos(Molina Grima et al., 2003 Two unit operations are used for dewatering: a
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gravity settler and a Green Solar Dryer (GSD), which requires energy for mixing and venting
(Kurt et al., 2015).

In the second area of the biorefinery (BRY, dewatered biomassd residual biomass are
directed to gasifier, producing syngas, which is then converted to MeOH. In the
thermochemical conversion of biomass to syngas;donty gaseous oxygen (95%mol)
supplied by an Air Separation Unit (ASU) is utilized as gasificagent (autothermal
gasification). The syngas is sent to a Rectisol unit (metHzas#d physical absorption)
where CQ removal occurs to adjust the hydrogen/carbon (H/C) ratio in the syngas, resulting
in a syngas stoichiometric number (S, given in ER) &lightly above 2, as recommended for
MeOH synthesis (Olah et al., 2009). The separatedi€sent to liquefaction and exported at
100 bar as product.

'Y €0 €60 FTEOULV €060 (2.2)

wheren CO,, n CO andn H2 are themolar flow of carbon dioxide, carbon monoxide and

hydrogen.

The MeOH production unit is based on the Lurgi process configuration for MeOH synthesis.
The raw MeOH stream exiting the reactor is sent to the distillation section for purification.
Significant amount ofdw pressure steam is required for process heating and is produced in
the cogeneration unit, which is fueled by MeOH synthesis purge gas, besides steam

generation by heat recovery in MeOH reactor and syngas cooling section.

2.3.2 Carbon Capture andStorage

The simplified PFD for the CCS route is presented in Fig. 2.5. The flue gas from the power
plant is sent to the MEA (monoethanolamine) Capture Unit, whereiC&eparated and the
lean gas emitted to atmosphere. The;@Eh stream proceeds to compression (four stages)
prior to transportation (not simulated) for geological storage.
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Fig. 2.5 Process diagram for the CCS route.

24. Environmental Analysis

The environmental performances of the investigated routes (BRY and CCS) are evaluated
based on Cefootprint, considering the ratio of the sum of direct and indirect Géheration

to the total CQfeed for each process alternatiés p o]V} ). To calculate the
direct emissionshe CQ emitting potential of a process stream is evaluated by its complete
combustion, whilendirect emissions are calculated from the power demand of electricity and
heat utilty (low-pressure steam). The total avoided .Ci@® the MeOH production is
compared with emerging chemical routes of.:@@lization, namely C@hydrogenation and
bi-reforming, through Eqs. 2.3 and 2.4PéfezFortes et al., 2036 where

60 é & L OE dithe amount of COgenerated in the production of MeOH in a
conventional technology, whildi "QQ¢ Qi Han@&) wé & i 6 ar€ld to each
emerging route.

60 £ £pi ¢ Qo OO ME & U QE 0 B £FAE QI ©OQQ (2.3)

00 QUL &€ QQBWL € ¢l € Q0 WQAWE £ 66 QQ (2.4)

Additional environmental performance metrics are obtained with the Waste Reduction
(WAR) Algorithm (Young and Cabeza$999). The method consists in the analysis of inlet
and outlet material streams to evaluate the Potential Environment Impact (PEI) of the
process, an unified score obtained by the weighted sum of eight impact cateGtoied
Warming Potential (GWP), Huam Toxicity Potential by Exposure (HTPE), Human Toxicity
Potential by Ingestion (HTPI), Ozone Depletion Potential (ODP), Photochemical Oxidation
Potential (PCOP), Acidification Potential (AP), Aquatic Toxicity Potential (ATP), and

Terrestrial Toxicity Potetial (TTP).PEI results are not considered in the analysis, which is
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focused on the individual categories to identify the nature of the environmental impacts

generated by the process.

Fossil fuel consumption is also considered in the analysis, as @écausrect impacts, while
impacts fromproduct streams are not considered. fumetional unit of comparison between
the two routes is one metric ton of net L€xptured, considering the capture efficiency.
Impacts associated to thermal energy (jlm@ssure steam) and electricity (supplied by a coal

power plant) demands are considered.

2.5. Economic Analysis

The economic feasibility analysis employs Aspen Process Economic Analyzer (Aspen PEA,
AspenTech Inc.), a costing software that provides estimates of capital and operational
expenditures (CAPEX and OPEX). Additionally, cash flow calculation is performed in
spreadsheet that is described in a previous wiikgberg et al., 20)6which also presents

the parameters utilized in Aspen PEA.

Since the objective of the operation is to avoid>@missions with minimum cost, it is
assumed that the Minimum Accepi@alRate of Return (MARR) is 0% for Net Present Value
(NPV) calculation, which means that if the investment is reimbursed, and has achieved its

goal. The capture cost of a certain cash flow is calculated by Eqg. 2.5, dwhere is

the gres captured gas. The cost is given in US$ per net metric tonafap@ired.

Moreover, CQ taxation is considered and assumed to apply to both direct and indirect
emissions. The cash flow difference between investing in the capture and payitax€3s
calculated by Eqgs. 2B.8. A negative NPV indicates that paying the taxes is more
advantageous than avoiding taxation through €apture. It is worth noting that the capture
cost is calculated using NPV obtained from Eq. 2.7 ¢the@'Qavé ). Otherwise, NPV

is calculated based on the difference cash flow (Eq. 2.6).

BORo6E ITENO U0 DD 2 HON 0ANAAGQAE Ho  (2.5)
8 GPQE 8 GPQWE 8 UQE (2.6)
8 GPQE 8 SPQE 80 6 (Yop HOON 6AWAVGH QTG 6
8 QR0 80 6 O (2.8)

Aspen PEA results refer tJSA based plants in the first quarter of 2013. Hence, a
nationalization factor is required to transfer results to the Brazilian context and a plant cost
index is needed to update costs in time. Pipelinescastt CAPEX are given in US$ for a

different reference year, and are also corrected by a cost index. The project lifetime is set to
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20 years, except for the PBR (E6), which is set to 5 years (requiring replacement along
process lifetime). Table 2.1 presemarameters and additional premises for the economic
analysis. In the case of CCS, the cost of pipeline transportation pisGBtained from the

literature, shown in Table 2.2.

Table 2.1 Premises for the economic evaluation.

Variable Value

Nationalization Factof) 1.25 (BrazilUSA)

IC index® 2015Q4=136.0, 2013Q1=147.0, 2003=107.0

Component Pric& NaNG;=320 US$/t, NakPQy=1000 US$/t, FeGE350
US$/it

Product Prices MeOH=400 $/{2, Microalga 0il=0.5 $/kg*

Utility Costs Electricity=0.1278$/kWh®), Natural gas=19.
US$/MMBtu ®, Steam (6.9bar)=55.0$/

PBR price 0.197 MMUS$/ha®

Carbon Credit 0 US$/t

CO, taxation 50 US$/t®

Oz production cost 31 US$/t10)

Oz production required power 158 kwWh/tt)

Project Lifetime 20 years'?

PBR Lifetime 5 years

MARR 0%

M INTRATEC, 2016. Useful indexes for the chemical indusiyp://www.intratec.us/fre¢ools/othesrelevant
indexes (accessed 28/5/2016)

@ ALIBABA, Find Quality Manufacturers, Suppliers, Exporters, Importers, Buyers, Wholesalers, Products and
Trade Leads from our awasdinning International Trade Site. Import &xport on alibaba.com.
http://alibaba.com (accessed 28/5/2016).

@  ALICEWEB. Sistema de  Analise das InformacGes  de Comércio Exterior.

http://aliceweb.desenvolvimento.gov.br/ (accessed10/28/2015).
@ http://www.soleybio.com. (accessed 05/25/2016).

®) FIRJAN: custo da energia elétrica para a inddstria subirda 27% em 2015. www.firjan.org.br (accessed
11/02/2015).
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® FIRJAN: Custo do gas para a indlstria sobe 21,7% nos Ultimos quatro anos. www.firjan.org.br (accessed
11/02/2015).

(™ Turton et al. (2012).
® Huntley and Redalje (2007).

©) Carbon taxation is not yet used in Brazil. A value is assumed, based on the study by Kishinami, R., Appy, B.,
Watanabe Jr., K., 2015. The economic and social impacts of a carbon tax in Brazil. Instituto Escolhas. Available

at: www.escolhas.org.

10 U.S. Department of Energy (US DOE), 2013. Appendix B: Carbon dioxide capture technology sheets.
Advanced Carbon Dioxide Capture R&D Program: Technology Update, May 2013.

19 Higginbotham et al. (2011).

(12) Start year: 2015.

Table 2.2 Premises for pipeline transportation costs in CCS route.
Variable Value

Compression cos 12.58 $/t (electricity cost: 0.12 $/kWH) (McCollum and Ogden, 200¢
Maintenance cos 3,100 $/km/year (sourcedss), 4,259 $/km/yeaf® (Wong, 2006)
CAPEX 20,989 $/in/km (sourcexdhy), 28,835 $/in/knf? (Wong, 2006)

Tube diameter 8 in

Pipeline length 300 km

@ nflation not considered? IC corrected

2.6. Results and Discussion
Results of theeconomic and environmental analyses are presented in this section, including

intermediate results (e.g., inventory compilation and the process simulation).

2.6.1. Process simulation results
The inventory of mass and energy resulted from process simulaiorbe found in the
Supplementary Material, Appendi&. Table 2.3 shows the main simulation results and

literature values for comparison, when applicable.

Table 2.3 Process simulation results for biorefinery (BRY) and CCS.

ltem Route  This work Literature results
Chlorellahigh heating value BRY 22.2 MJ/kg 22.6 (Duan et al., 2013
Dilution rate BRY 0.4046 M/m3 0.384 (Chisti, 2007)
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ltem Route  This work Literature results

PBR area and cost BRY 986 ha200 MMUS$

GSD area and cost BRY 60 ha, 150MMUS$

Microalga oil BRY 2.9 t/h

MeOH production BRY 13.87 t/h

Liquefied CQ production  BRY 31.8t/h

Stripper reboiler duty CCSs 4.36 GJ/tCQcaptured.  4.56 (Feron, 2010)

It is worth noting that the area required for the PBR @G&D are excessively large, whose
availability close to a power plant is unlikely to exist. A sensitivity analysis of PBR land area
to the design parameter V/S (volume to projected surface ratioyamehetric productivity

(kg nt3dl) shows that a targeted projected area of 50 ha (reduction by a factor of 20 from the
base case) can only be achieved at volumetric productivity >3.0%dj'rat V/S higher than

0.8 n#/m?2, as shown in Fig. 2.6. Despiiee high cost of PBR compared to raceways (Gupta
et al., 2015), productivity in a wetlperated raceway can only attain an average annual dry
biomass areal productivity of around 0.025 Kef di' at a typical culture depth of 0.88.30

m, limited by lightirradiance profile (maximum concentration of ~0.5 g/L) (Chiste, 2016).
Consequently, raceway volume productivity remains in the range00108kg m® d?,
demanding prohibitive projected area. Although PBR with volumetric productivity > 3.0 kg

m=3d? remain unrealistic given the state of the art @it al., 2012), much denser cultures

than in raceways can be potentially reached (e-8§.g22).

60
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Fig. 2.6 Sensitivity analysis of PBR area (ha) to PBR productivity and Volume:Surface
ratio (V/S): 3D plot (Left); contour levels(right).
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2.6.2. Environmental analysis results

Fig. 2.7 presents GQootprint for both routes, discriminating direct and indirect sipiss
(caused by electricity and heating demands). The emission factor for burning natural gas with
LHV of 47.2 MJ/kg, based on the combustion reaction, is ~2.7 kgk@OTwo scenarios are
analyzed for power supply: (a) steam generation by naturafirgas boiler (NG) and
electricity generation by Natural Gas Combined Cycle (NGCC), as a conventional fossil fuel
based scenario, and (b) steam generation by biefinedsboiler (BM) and electricity
generation by hydroelectric power station (HE), as an altes scenario with renewable
energy sources. GQ@eneration from NGCC is set to 388 gfélkWWh (Mazzetti et al., 2014),

while 14 gCQ/kWh is set to the HE scenario (IPCC, 2011).

100%
90% —
= 80% —
q&_’ 70%
§ ggz;z E Captured
5 40% DO lIndirect - Heating
S 30% — & Indirect - Electricity
20% - @ Direct
10% —
0%
NG/NGCCi BM/HE |NG/NGCC£ BM/HE |
BRY CCSs |

Fig. 2.7. Direct and indirect CO2 emission for biorefinery (BRY) and CCS. NG/NGCC:
Natural Gas based processes for steam and electricity generation; BM/HE: Biomass
fired boiler for steam generation and hydroelectric power station for electricity supply.

In the NG/NGCC scenario, BRY fixé8% of the CQfrom flue gas, while CCS is limited to

48%, mainly due to its high heating demand. Moving to the BM/HE scenario, since BRY is
almost seHsufficient in terms of power demand, no significant improvements occur, while
the CCS route efficiencincreases to 69%. Nevertheless, displacement of NG use to produce
syngas in the conventional MeOH synthesis route is a relevant factor to be considered. Table
2.4 shows the total CCemission avoided by MeOH production in BRY, when compared
with the averge emission of a conventional MeOH plant in Europe, considered the Business
as Usual scenario (BAU). The @@voided in the BRY is twice the amount avoided by the

CO. hydrogenation process and six times the amount avoided by-teébmning process,
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two promising routes for C®mitigation. However, direct emissions are greater mainly

because of biofixation inefficiencies.

Table 2.4 Technology comparison for MeOH production with CQ: mitigation.

, , _ CO, CO
Metrics ) BRY  Bi-reforming ] . BAU

_ Unit Hydrogenation Hydrogenation
(Unit/t MeOH) @) @) @)

5) (6)
Heating demanc MW  0.51 191 - - -
Electricity
MW  0.07 042 0.17 - 0.147

demand
Direct CQ

o tCO, 166 0.01 0.09 0.05 0.695
emissions
Indirect CQ

o tCO 0.13 0.40 0.14 0.16 0.073
emissions
COzemissions tCO, 1.79 041 0.23 0.21 0.77
Inlet COy tCO; 5.08? 0.28 1.46 1.43 0.00
CO; not

tCO -1.03 0.36 0.54 0.56 0.00

produced
CQO; avoided tCO, 4.05 0.64 2.00 1.99 0.00

1 Average of the existing MeOH synthesis plants in Europe for comparison, aemHertes et al. (2016).
2 Considering that the inlet is 3/4 of the toD: inlet, since 1/4 is sent to oil production.

3 This work

4Wiesberg et al(2016)

5 PérezForteset al. (2016)

6 Matzen et al(2015)

Results of the environmental assessment for both routes are summarized in Fig. 2.8, where
the impact of a given category is divided by the maximum absolute value among the two
routes, so that it ranges froml (more environmentally benign) to 1 (more impactful).
Moreover, a positive value indicates an increase of the impact on the environment while a
negative value indicates G@batement. BRY outperforms in all categories, including Global
Warming Potential (GW), as expected from the @@otprint analysis. The CCS shows

more scores with values nearly zero, while BRY has more negative scores.

For both BRY and CCS, the categories with the greatest environmental impacts are
Acidification Potential (AP) and Ozone Depletion Potential (ODP). However, it is worth

noting that BRY, comparatively to CCS has nearly null impact in these categories &bd, mo

43



importantly, has negative impact in the remaining six categories (i.e., BRY is beneficial to the
environment).Cuéllar-Franca and Azapagic (2015) also observed thai @@oval with
CCS is accompanied by increase of other environmental impacts (edificatton and
human toxicity).This occurs mainly because of electricity demand supplied by &ficexhl

power plant in case of CCS, while BRY is almost-seifficient in electricity.

HTPI
AP 95 - HTPE
0,5
PCOP 5 TTP
ODP / ATP
_— OBIOREFINER¥CCS
GWP

Fig. 2.8.Radar diagram for the impact categories. Scores arexpressed per ton of net
CO2 and normalized by the maximum absolute value.

2.6.3. Economic analysis results

Table 2.5 presents OPEX and revenue breakdown for BRY and CCS routes. The major share
in OPEX for the BRY is the production of,@89%) while low pessure steam (57%) is the
highest cost share in CCS. CAPEX share of the BRY first area {BRY 70% (including

15% for GSD and 20% for PBR). Hence, increase in volumetric productivity is the most
impacting development for improving economic performanicBRY. For CCS, CAPEX is
evenly distributed between the capture plant and the pipeline (~45% each), with both
operations having considerably higher technological maturity and, hence, less perspective of
significant reduction in CAPEX. Although CAPEX in BRs much larger than i@CS(Fig.

2.9), BRY in counterpart has lower OPEX, in addition to its revenues (MeOH, oil and
liquefied CQ) (Table 2.5).
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Fig. 2.9 CAPEX breakdown for BRY and CCS.

Table 2.5. OPEX and revenue breakdown for BRY and CCS.

Item BRY (MMUSS$) CCS (MMUS$)
Microalga Medium + Flocculant / ME/ 0.7 0.9

Steam (6.9 bar) 4.9 45.7

Electricity 1.0 (cogeneration €9.5) 13.2 (pipeline = 6.4
Cooling Water 3.4 5.9

Oxygen 6.3 -

Total Variable / Fixed Cost 16.3/20.5 65.7/15.1

OPEX 36.8 80.8
MeOH/Microalga oil 44.4/14.8 0.0

Revenue 59.2 0.0

The differences between the cash flow performing capture and the cash flow without capture,
Eq. 2.6, are generated for BRY and CCS. The cumulative cash flows results are presented in
Fig. 2.10, assuming that the plants are located in Brazil. BRY cash flow has periodic decays
(5 years period) due to replacement of PBR. Since the cumulative cash flow differences are
negative for both routes at the end of project lifetime, the targeumdrior economic
performance in comparison to paying £@xes is not attained. Hence, at the assumed
taxation level of 50%/t C&® none of the alternatives are recommended, being economically
preferable to pay C£xaxes. The result, however, is strongly dependent of the assumption of

a fixed tax value along the project lifetime. Environmental pressures are likely to force an

increase in C@taxation.
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Fig. 2.1Q Estimative of cumulative cash flow differences (Eg6) for BRY and CCS
routes located in Brazil.

Nevertheless, the cash flow comparison presents-tlenng economic advantage of the
microalgabased technology, with superior return compared to CCS from 2029 due to its
revenues. CCS has lower economic penatiynpared to microalghased technology if
considering 10 years of project lifetime, which is a commonly accepted period for investment
evaluation in the chemical industry unlike the energy industry, that usually works with a
horizon of 20 years. The capéucost for the BRY, considering the lifetime of 20 years, is
less than half of the CCS cost because of lower NPV and higher capture efficiency, resulting
in 139%/t CQ for BRY against 304%$/t for CCS, as presented in Table 2.6. However, the
capture cost imuch higher than the considered carbon taxation (50%} @®oth routes.

Table 2.6.Estimative capture cost for BRY and CCS routes.

BRY CCs
Net Present Value (NPV) (MMUSS$) -$1,341.0 -$1,945.0
COz Feed (t/h) 9221 9221
CO, capture efficiency 73% 48%
Net CQ captured (t/h) 67.30 44.63

Net CQ captured cost in 20 years (US$ 139.17  304.39

In Fig. 2.11, the economic analysis is presented for plants located in the USA, with a scenario
of low-priced natural gas at ¥ MMBtu (EIA, 2016a) and electricity cost of 0.072 $/kWh
(EIA, 2016b). The Nationalization Factor is set to 1.0. It can be observed that BRY only
reach CCS cash flow performance in 20 years of project lifetime. Hence, improving

economic environment reducadvantages of BRY faced to CCS.
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Fig. 2.11.Estimative of cumulative cash flow differences (Eg. 6) for BRY and CCS
routes located in the USA.

Sensitivity analyses were performed to evaluate the direction for feasibility of the mieroalga
based biorefinery in the Brazilian scenario, which has been shown as more appropriate
location for the BRY comparatively to CCS than the USA. The total cosheofPBR is
varied, resulting from increasing the volume to surface parameter (V/S), decreasing the cost
per area and/or increasing volumetric productivity. The impact of microalga oil value is also
analyzed. Fig. 2.12 presents tBRY NPV surface (Eg. 6) foned by changes in these
variables. Although both variables impact the process economic performance, oil price is
more sensitive. BRY can be economically feasible if microalga oil price were superior to 2.50
US$/kg for high PBR cost, or even 1.50 US$/kBEBR were <100 million US$.
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Fig. 2.12.Sensitivity analysis of PBR cost and microalga oil price in BRY NPV
(MMUSS$) (Eg. 2.6): 3D plot(left); contour levels(right)

Richardson et al. (2010gport minimum microalga oil price ranges from 1.87 $/kg .08
$/kg for economic feasibility. The high performance is due to technology improvements

considered in the microalga biofixation step (PBR).
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Since microalga oil price is more impacting than PBR cost, it was selected as independent
variable in a second ssitivity analysis of the NPV, which also considers varying2CO
taxation. Fig. 2.13 shows that BRY can be economically more attractive than simply paying
the CQ tax, as it has a positive NPV. For instance, BRY would be viable for tax values
higher than 100JS$/t CQ if microalga oil were 0.5 US$/kg. The higher the microalga oil
price, the lower the minimum taxation for economic feasibility. Specifically, if the oil price
were raised to 2 US$/kg, the minimum tax for feasibility would be lowered to ~40 US$/t
COe. Moreover, the higher the taxation, the greater the NPV difference between BRY and
CCS routes, as shown in the contour levelshe rightof Fig. 2.13, because of the higher

CO capture efficiency in the BRY route.
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Fig. 2.13.Sensitivity analysis of Taxation and Microalga Oil in NPV (MMUSS$): 3D plot
(left); contour levels of the difference (BRY CCS) between the surfacegight).

2.7. Conclusionsfor Chapter 2
A CCU process based on gfiofixation with microalgae, with further production of MeOH

and microalga oil in a biorefinery arrangement (BRY), is evaluated and compared to a
conventional CCS route for the destination of .Cfdm power plant exhaust gases, on
economic and environmeaitgrounds. Although considering optimistic premises for the PBR,
the BRY is economically unfeasible and poses technology gaps, with total land area required
for operation of about 1000 ha. Biofixation and oil extraction (BRYs responsible for 70%

of the BRY CAPEX, as it is equivalent to about 1000 MMUSS$. Nevertheless, considering 20
years of project lifetime and net G@apture efficiency of 73.0% and 48.4%, respectively for

the BRY and CCS alternatives, the £€@pture cost in Brazil would be 139 $0¢and 304
$/1tCOy, exhibiting superior performance compared to C&She assumed taxation level of
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50%/t CQ, none of the alternatives are recommended, being economically preferable to pay
CO taxes.

Sensitivity analyses show that if the microalga oit@mwvere higher than 2.5 US$/kg under

the incidence of C@taxation (US$50/t), CCU operation would be more advantageous than
paying the taxation. The extremely high area requirement suggests that improvements must
be made in the PBR volumetric productivégd in the volume/surface ratio (determinant of
areal productivity). For economic feasibility, these parameters should be ~3dkigamd 0.8

m3/m2, which remains beyond the statkethe-art of PBR.

The proposed process for MeOH production has supenoridance of C@ emissions
comparatively toCO, hydrogenation (twice higher) and-tdforming (six times higher)
processes. The BRY is also more efficient in terms of carbon capture than conventional CCS
with CO, capture by amine: 73% versus 48%. Moreoegyironmental impact categories
(eight indexes calculated with the WAR Algorithm) indicate that BRY performs better than
CCS, with six environmental categories with negative scores (e.g., aspects where BRY is
beneficial to the environment), including GWIPhese results place the €®@apture by
microalgae as a promising technology for mitigating.Gnissions, although technical
drawbacks must be overcome, notably the total land area required resulting from low areal
productivity.

At last, sensitivity to CQ taxation indicates that a value of 100 US$/t would render BRY
economically viable even with low microalga oil price (0.5 US$/kg).

2.8.Referencesof Chapter 2
[1] Acién, F.G., Ferandez, J.M., Magn, J.J., Molina, E., 2012. Productionstof a real
microalgae production plant and strategies to redudBistechnol. Adv., 30, 6, 1344
1353, http://dx.doi.org/10.1016/.biotechadv.2012.02.005.
[2] Aradjo, O.Q.F., De Medeiros, J.L., Alves, R.M.B., 20120, utilization: A process
systems engeering vision, in: Morgado, C.R.V., Esteves, V.P.P. (EdE€»
Sequestration and ValorizatidnTech, 3588, http://dx.doi.org/10.5772/57560.
[3] Aresta, M., 2010. Carbon Dioxide as Chemical Feedstock, WIVE¥ Verlag
GmbH & Co.
[4] Chisti, Y., 2007. Biodiesel from microalga&iotechnol. Adv., 25, 3, 29306,
http://dx.doi.org/10.1016/j.biotechadv.2007.02.001

49



[5] Chisti, Y., 2016. Larg&scale Production of Algal Biomass: Raceway Ponds, in Algae
Biotechnologyi Products and Prosees. pages 240. Bux. F. and Chisti, Y. (Eds),
Springer. ISBN: 978-319-123332.

[6] Cheah, W.Y., Ling, T.C., Juan, J.C., Lee, D.J., Chang, J.S., Show, P.L., 2016.
Biorefineries of carbon dioxide: From carbon capture and storage (CCS) to bioenergies
production. Bioresource Technology, 215, B356.
http://dx.doi.org/10.1016/j.biortech.2016.04.019.

[7] Chiu, F. P., Kuo, H.l., Chen, C.C., Hsu, C.S., 2015. The energy price equivalence of
carbon taxes and emissions tradingheory and evidence. Applied Eggr 160, 164171.

[8] CuéllarFranca, R.M., Azapagic, A., 2015. Carbon capture, storage and utilisation
technologies: A critical analysis and comparison of their life cycle environmental impacts.
Journal of CQ Utilization, 9, 82 102. http://dx.doi.orgl.1016/j.jcou.2014.12.001.

[9] Davis, R., Biddy, M., Jones, S., 2013. Algal lipid extraction and upgrading to
hydrocarbons technology pathwdechnical Report, National Renewable Energy
Laboratory (NREL).

[10] Davis, R., Kinchin, C., Markham, J., Tan, Eaurens, L., Sexton, D., Knorr, D.,
Schoen, P., Lukas, J., 2014. Process design and economics for the conversion of algal
biomass to biofuels: algal biomass fractionation to li@dd carbohydratderived fuel
products. Technical Report, National Reneledinergy Laboratory (NREL).

[11] Dillon, D.J., White, V., Allam, R.J., Wall, R.A., Gibbins, J., 2005. IEA Greenhouse
Gas R&D Programme: Oxgombustion processes for @@apture from power plant.
Engineering Investigation Report.

[12] Dissou, Y., Siddiqui,M.S., 2004. Can carbon taxes be progressive? Energy
Economics, 42, 8800. http://dx.doi.org/10.1016/j.eneco0.2013.11.010

[13] Duan, P., Jin, B., Xu, Y., Yang, Y., Bai, X., Wang, F., 20TBermachemical
conversion ofChlorella pyrenoidosdo liquid biofuels. Bioresource Technol., 133, 197
205, http://dx.doi.orgl0.1016/j.biortech.2013.01.069.

[14] Eberhard, K., 2014. Allnee world's carbon pricing systems in one animated map. In
sightline daily. http://www.sightline.org/2014/11/17/&lle-worlds-carbonpricing-
systemsn-oneanimatedmap (accessed 08/28/2016).

[15] Feron, P.H.M., 2010. Exploring the potential for improvemeh the energy
performance of coal fired power plants with postnbustion capture of carbon dioxide.

Int J Greenh Gas Co#d, 152,160, http://dx.doi.org/10.1016/}.ijjggc.2009.10.018.

50



[16] Garda, C.A., Betancourt, R., Cardona, C.A., 2016. Staode and biorefinery
pathways to produce hydrogen through gasification and dark fermentation using Pinus
Patula, Journal of Environmental Management,
http://dx.doi.org/10.1016/j.jenvman.2016.04.001

[17] Gatti, M., Martelli, E., Marechal, F., Consonni, S., 20R&view, modeling, heat
integration, and improved schemes of Rectismded processes for @@apture. Appl.
Therm. Eng., 70, 1123140, http://dx.doi.org/10.1016/j.applthermaleng.2014.05.001.

[18] Goli, A., Shamiri, A., Talaiekhozani, A., Eshtiaghi, N., Aghamohammadi, N., Aroua,
M. K., 2016. An overview of biological processes and their potential for &pture.
Journal of Environmental Management 183, -581
http://dx.doi.org/10.1016/j.jenvman.26.08.054.

[19] Gong, M. H., Yi, Q., Huang, Y., Wu, G.S., Hao, Y. H., Feng, J., Li, W. Y., 2016.
Coke oven gas to methanol process integrated withr€ycle for high energy efficiency,
economic benefits and low emissions. Energy Conversion and Managés® 18331
http://dx.doi.org/10.1016/j.enconman.2016.12.010.

[20] Gupa, P., Lee, S. M., Choi, H. J., 2015. A mini review: photobioreactors for large
scale algal cultivation. World J Microbiol Biotechnol, 31(9), http://dx.doi.org/184D7.
10.1007/s1124-01518924

[21] Higginbotham, P., White, V., Fogash, K., Guvelioglu, G., 2011. Oxygen supply for
oxycoal CQ capture. Energy Procedia, 4, 8841,
http://dx.doi.org/10.1016/j.egypro.2011.01.133.

[22] Huntley, M.E., Redalje, D.G., 2007. C@itigation am renewable oil from
photosynthetic microbes: a new appraibétig. Adapt. Strat. Glob. Chang#&2, 4, 573

608, http://dx.doi.org/10.1007/s116206-7304 1.

[23] IEA, 2016a. Natural gas spot and futures prices (NYMEX).
http://www.eia.gov/dnav/ng/ng_priuf s1_m.htm (accessed12/22/2016).

[24] IEA, 2016b. Electricity Data
https://www.eia.gov/electricity/monthly/epm_table grapher.cfim?t=epmt_5 6 _a. (accessed
12/22/2016).

[25] IHS Chemical, 2014. Chemical Plant Database. Specifically compiled for the needs of
the Joint Research Center (JRC).

[26] IPCC, 2011. IPCC special report on renewable energy sources and climate change

mitigation. Prepared by Working Group Ill of the Intergovernmental Panel on Climate

51



Change. Edenhofer, O., PieN&adruga, R., Sokona, Y Seyboth, K., Matschoss, P.,
Kadner, S. Zwickel, T., Eickemeier, P., Hansen, G.,&uhl, S., Von Stechow, C. (Eds).
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
1075 pp.

[27] Kourkoumpas, S. Papadimou, E., Atsonios, Kreflas, S., Grammelis, P., Kakaras,
E., 2016.Implementation of the Power to MeOH concept by using fZ@n lignite power
plants: Technaconomic investigation. International Journal of Hydrogen Energy, 41,
1667416687. http://dx.doi.org/10.1016/j.ijhyde2616.07.100

[28] Kurt, M., Aksoy, A., Sanin, F., 2015. Evaluation of solar sludge drying alternatives
by costs and area requirements. Water Res., 82, -5747
http://dx.doi.org/10.1016/j.watres.2015.04.043.

[29] Kypreos, S., Turton, H, 2011. Climate chargpenarios and Technology Transfer
Protocols. Energy Policy, 39, 848b3, http//dx.doi.org/10.1016/j.enpol.2010.11.003.

[30] LetelierGordo, C., Holdt, S., De Francisci, D., Karakashev, D., Angelidak2014.
effective harvesting of the microalg&hlorella protothecoidewia bioflocculation with
cationic starch. Bioresource Technol., 167, 218,
http://dx.doi.orgl0.1016/j.biortech.2014.06.014.

[31] Liu, A., Chen, W., Zheng, L., Song, L., 201dlentification of highlipid producers

for biodiesel production from fortthree green algal isolates in ChifRrog. Nat. Sci.
Mater., 21, 4, 26276, http://dx.doi.orgl0.1016/S100D071(12)6005%4.

[32] Matzen M, Alhajji M, Demirel Y., 2015. Chemical stcage of wind energy by
renewable MeOH productior-easibility analysis using a mutltriteria decision matrix.
Energy 93, 348353.

[33] Mazzetti, M.J., Nekd P., Walnum, H.T., Hemmingsen, A.K.T., 2014. Energy
efficient technologies for reduction of offsle CQ emissions. Oil and Gas Facilities,
February 2014, 896, http://dx.doi.org/10.2118/1698PA.

[34] McCollum, D.L., Ogden, J.M., 2006. Techroonomic models for carbon dioxide
compression, transport, and storage & correlations for estimating carbon dioxide density
and viscosityg Section I. Institute of Transportation Studies.

[35] Molina Grima, E. Belarbi, E=H., Acién Fernandez, F.G., Robles Medina, A., Chisti,
Y., 2003. Recovery of microalgal biomass and metabolites: process options and
economics. Biotechnol. Adv., 208), 491515, http://dx.doi.orgl0.1016/S0734
9750(02)0005€2.

52



[36] Moheimam, N. R., 2016. Tetraselmis suecica culture for CO2 bioremediation of
untreated flue gas from a cedaed power station. J Appl Phycol, 28, 212946.
http://dx.doi.orgl0.1007/s1081-01507823.

[37] Olah, G.A., Goeppert, A., Prakash, G.K.S., 2009. Bdyoih and gas: the MeOH
economy, 2 updated and enlarged editioWILEY -VCH Verlag GmbH & Co. KGaA,
Weinheim.

[38] Pereira, A.M., Pereira, R.M., Rodrigues, P.G., 2@16ew carbon tax in Portugal: A
missed opportunity to achieve the triple dividend? gnétolicy, 93,110118.

[39] PérezFortes, M., Schineberger, J.C., Boulamanti, A., Tzimas, E., 2016. MeOH
synthesis using captured €@s raw material: techreconomic and environmental
assessmenfpp. Energ., 161, 71F32, http://dx.doi.org/10.1016/].apenyy.2015.07.067.

[40] Picardg M.C., Medeiros, J.L., Monteiro, J.G.M., Chaloub, R.M., Giordano, M.,
Araljo, O.Q.F., 2013A methodology for screening of microalgae as a decision making
tool for energy and green chemical process applicati@esn Technol. Envirl5, 2, 275

291, http://dx.doi.org/10.1007/s100982-0508 z.

[41] Richardson, J.W., Outlaw, J.L., Allison, M., 2010. The economics of microalgae oil.
AgBioForum 13, 2, 119130.

[42] Skjanes, K., Lindblad, P., Muller, J., 2007. Bio£©A multidisciplinary, biological
approach using solar energy to capture; @@ile producing H and high value products.
Biomol. Eng., 24, 406413, http://dx.doi.org/10.1016/j.bioeng.2007.06.002.

[43] Tang, D., Han, W., Li, P., Miao, X., Zhong, J., 2011..®@fixation and fatty acid
composition ofScenedesmus obliquaad Chlorella pyrenoidosain response to different
CO levels. Bioresource Technol., 102, 3, 3B 6,
http://dx.doi.orgl0.1016/j.biortech.2010.10.047.

[44] Turton, R., Bailie, R.C., Whiting, W. B., Shaeiwitz, J.A., Bhattacharyya, D. Analysis,
Synthesis, and Design @hemical Processes. Prentice Hall, 2012, 4th edition, Michigan,
USA. ISBN-13: 9780-13-2618120.

[ 45] i -tug, F. G. , Agr al é, S. , Ar ek an, Y.,
trading and carbon capture and sequestration: An optimidadieed casstudy for MeOH
synthesis from syngas. Journal of Environmental Management-B32, 1

[46] Uduman, N., Qi, Y., Danquah, M.K., Forde, G.M., Hoadley, A., 2010. Dewatering of
microalgal cultures: a major bottleneck to alypased fuels. J. Renew. Sust. Enegy.,
012701, http://dx.doi.org/10.1063/1.3294480.

53



[47] Vanden Bussche, K.M., Froment, G.F., 198&teadystate kinetic model for MeOH
synthesis and the water gas shift reaction on a commercial Cu/Z0¢/é&talyst.J.

Catal, 161, 110, http://dx.doi.org/10.1006/jcat.1996.0156.

[48] Wang, W., Han, F., Li, Y., Wu, Y., Wang, J., Pan, R., 20Mddium screening and
optimization for photoautotrophic culture d€hlorella pyrenoidosawith high lipid
productivity indoors and outdoors. Bioresaeirc Technol., 170, 39803,
http://dx.doi.orgl0.1016/j.biortech.2014.08.030.

[49] Wiesberg, I.L., de Medeiros, J.L., Alves, R.M.B., Coutinho, P.L.A.Ujaa0.Q.F.,

2016. Carbon dioxide management by chemical conversion to MeOH: hydrogenation and
bi-reforming. Energ. Convers. Manage.
http://dx.doi.org/10.1016/j.enconman.2016.04.041.

[50] Williams, P., Laurens, L., 2010. Microalgae as biodiesel & biomass feedstocks:
review & analysis of the biochemistry, energetics & economics. Energ. Environ. Sci., 3,
554-590, http://dx.doi.orgl0.1039/B924978H.

[51] Wong, S., 2006. COcompression & transportation to storage reservoir, in: APEC
Energy Working Group (Ed.), Building Capacity for €Oapture and Storage Project in

the APEC Region.

[52] Xu, X., Song, C., Mille, B., Scaroni, A., 2005. Adsorption separation of carbon
dioxide from flue gas of naturalgési r ed boi |l er by a novel nano
adsorbent. Fuel Process. Technol., 86, -15%4 14571472,
http://dx.doi.orgl0.1016/j.fuproc.2005.01.002.

[53] Young, D.M., Cabezas, H., 1999. Designing sustainable processes with simulation:
the waste reduction (WAR) algorithm. Comput. Chem. Eng., 23, -1491,
http://dx.doi.org/10.1016/S009B354(99)003063.

[54] Zhang, B. J., Xu, T., He, C., Chen, Q. L., Luo L. 2017. Material stream network
modeling, retrofit and optimization for raw natural gas refining systems. J Clean Prod,
142, Part 4, 34XB436.

54



3. CARBON DIOXIDE MANAGEMENT VIA EXERGY -BASED SUSTAINABILITY
ASSESSMENT: CARBON CAPTURE AND STORAGE VERSUS CONVERSION TO
METHANOL

This chapter is published as an article in Renewable and Sustainable Energy Reviews

WIESBERG, I. L; BRIGAGAO, G. V.; ARAUJO, O. Q. F.; DE MEDEIROS, J. L. Carbon
Dioxide Management via Exergyased Sustainability Assawent. Carbon Capture and
Storage versus Conversion to Methanol. Renewable and Sustainable Energy Reviews, 112, p.
720732, 2019.

Abstract

Carbon Capture and Storage and Carbon Capture and Utilization refer to carbon dioxide
managementechnologies for itsemoval from fluegases, followed by carbon recycling or
storage, aiming at limiting global warming. For laigmale deployment, geological storage is

the most promising alternative but imposes an economic penalty to the emittingsproce
while the utilization monetizes carbon dioxide contributing to compensate for the large
capture costs. The exergy concept builds a suitable framework to measure useful power
according to the Second Law of Thermodynamics, such that maximizing exeggnetf
necessarily promotes sustainability. This work applies a novel framework for exergy
assessment of processes with chemical reactions, which is employed to evaluate the
performance of two methanol production routes from carbon dioxide from poweiflpkn

gas: the direct hydrogenation and the indirect conversion through naturalrgésiing for
synthesis gas production. Exergy efficiency of the direct route is about 66.3%, against 55.8%
for the indirect one, indicating the lower sustainabilitytioé¢ latter. Carbon capture and
storage had the worst Exergy efficiency, even lower than the emission scenario, accounting
for 44.8% against 53.5%. Exergy metrics pinpoint low scalability as the main drawback of

the utilization technologies, despite higtesgy and capture efficiency.

Keywords: Exergy Analysis; Methanol Production; €®lydrogenation; C® Bi-reform;
Natural Gas; C@Capture.

Abbreviations

CCU Carbon Capture and Utilization; CCS Carbon Capture and Storage; DIRECT Direct
methanol production route through €@ydrogenation; EOR Enhanced Oil Recovery;
INDIRECT Indirect methanol production route through NGrdforming; LCA Life Cycle
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Assessmentl.PS Lowpressure steam; MEA MonoethanolamitdG Natural Gas; PFD

Process Flovbiagram; RERReference Environmental Reservoir.

Nomenclature

X : Energy rate transferred between a chemical reservoir and the system (kW)
m : Chemical potential (kJ/mol)

W, W : Creation rate of component k (mol/s) and entropy (KW/K)

: Exergy rate (kW)

: Molar flowrate of inlet streams (mol/s)

: Enthalpy (kJ)

: Molar flowrate of outlet streams (mol/s)
: Number of moles (mol)

: Pressure (kPa)

: Heat rate (kW)

: Heat and kspecie reservoir

: Entropy (kJ/K)

: Temperature (K)

. Internal Energy (kJ)

: Volume (m3)

: Mechanical work (kW)

=<CHdvo ppOoOTvzZRITMm
X

Y : Molar fraction
Superscripts/Subscripts

0 : Reference state

I,k : Index of components i and k
j : Index of streams

nc : Number of components

nfs : Number of feed streams
nps : Number of product streams
A : Molar property of A ([A]/mol)
Exergy Indicators

h . Efficiency

eCE : Capture efficiency

eDR : Destruction ratio

elP . Improvement potential

eRR : Recoverability ratio

eS| : Sustainability index

eSFk : Scalability ratio

eWFk : Waste ratio

3.1. Introduction

Carbon Capture and Utilization (CCU) technologies have potential to considerably contribute

for improved sustainability of industrial and power generation activities while adding
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revenues to carbon dioxide (@Odestination from chemical conversion to marketed
products. Thus, CCU stands as an important solution to limit global warming while
potentially enabling economically feasible replacement of fossil feedstocks to the chemical
and energy industries. In theense, methanol synthesis has been considered as one of the
most promising routes for largeale CCU [1], accounting for its widespread use and
potential for a rapid growing demand, not only as a bulk commodity but also for its direct use
as vehicle [2] ad shipping fuel [3], as renewable energy carrier [4]. Moreover, methanol
olefins technology is of great importance because it replacesdeied products [5].
However, due to its chemical stability [6], @Ebnversion requires severe reaction condsi

[1], resulting in compression and heating operations. A review of Life Cycle Assessments
(LCA) of various CCU routes showed thdiet efficiency of the carbon removal and the
environmental impacts varies greatly and are not always exciting when corntpp@€®& [7].
Unfortunately, as far as the authors are aware, there is no LCA study in the literature

comparing CCS and CCU with methanol production.

Carbon Capture and Storage (CCS) alternatives, on the other hand, have the economic
obstacle of being unpfitable activities that require large capital investment [8] and may only

be economically attractive if the storage site is an oil reservoir, for Enhanced Oil Recovery
(EOR), or a stringent carbon taxation policy is applied [9]. Indeed, the majority eathe

CCS projects are for EOR purposes [10]. However, CCS is a promising technology.for CO
mitigation from power plants emissions in a long term [8]. In order to increase its techno
economic feasibilityCalderon et al [11] analyzed the recirculationeghaust gases to rise

the CQ patrtial pressure in the flegas of a NG power plant, simultaneously lowering the
regeneration duty, its flow rate and its €@ncentration. The net efficiency of the power plant

with CCS increased 0.5% with the recycle.

Due to their exposed potential niches, this work evaluates the sustainability of two CCU
technologies by means of exergy analysis: @G@rogenation [12] (DIRECT route) versus
NG bi-reforming producing syngas for posterior conversion to methanol [13] (INDIRECT
route). They have already been evaluated in terms of mass and eakmgesPérezFortes

et al. [14] calculated the amount of avoided Q&r ton of methanol produced in the
DIRECT route and Wiesberg, et al. [15] compared them on technical, econochic an
environmental grounds, pointing best overall sustainability of the DIRECT route. Moreover,
the DIRECT allows larger utilization of G@han INDIRECT, which has considerable mass
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percentual derived from fossil feedstock, but is challenged by -tai@e lydrogen
production from renewable sources, e.g., water electrolysis supplied by solar, hydro, wind or

geothermal energy [16].

Santos and Park [17] claim that sustainability assessments should have a multilevel approach
taking advantage of the thermodynarperspective of processes. In this sense, the exergy
conceptis defined as the maximum work that it is possible to obtain from a process stream in
relation to a given RER, a dead state condition that must be defined so that exergy can be
evaluated18]. Thus, the exergy of a process stream is always a positive value and is always
destroyed in real (irreversible) processes, remaining constant in theoretical reversible ones.
Exergy analysis can be performed to assess exergy degradation and lost work dgsociate
chemical processes or equipment, integrated with chemical process simulators [19]. The
higher the rate of exergy lost, the higher the associated environmental impacts, as exergy
expresses a potential capacity for transforming the environment. T elsergy analysis is

an important tool for sustainable development and has gained great importance in the
development of public policies [20]. Conceptual discussions on exergy meaning and its uses,
besides the relationships between exergy and sustainadslies, are found in [18].

Environmental impacts and resources depletion are measured from a perspective that cannot
be explicitly revealed by simple mass and energy balances [17], so that technology
developments would benefit from exergy assessmeanshiould be noted that only limited
improvements can be achieved, so that qualitative decisions can be necessary, e.g. opting for
another energy resource. In this sense, Hepsbali [21] reviewed the theoretical background of
exergy efficiency for several rewablesbased systems, besides collecting exelegved

metrics, to assess the efficiency of resources utilization in an economy.

A recurrent issue in exergy analysis relies on choosing the most adequate Reference
Environment Reservoirs (RER) for a giveystem [22]. Rosen and Dincer [18] explained the
reason for the existence of different RER approaches, indicating weaknesses of some
formulations. Of major concern, however, is the contrast between classical and rigorous
thermodynamic computation methoidsruly referring to a specific RER with formulation

of exergy rates calculated with universally fixed (standardized) contribution of chemical
species [23]. The problem with such approaches is that exergy should not be treated as an
intrinsic property ofmatter, since its value is highly dependent on environment conditions

where the system is allocated. Hence, the use of chemical exergy tables made of forming
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elements has become very common in literature [24] assisting handy calculations with a lack

of a aitical discussion on the RER selection.

Additionally, situations exist where even nthrermodynamic characteristids such as
scarcityi play a role being unduly accounted in exergy rates. Mixing reference environments
is also a recurrent error, amplifgirthe internal inconsistences and contradictions, eventually
leading to negative values of exergy (a gross error). These and other controversial aspects of

such alternative methods for exergy analysis are discussed and criticized by Gaudreau [23].

Exergy aalyses have been used as a tool to assess the efficiency of methanol production and
CCS technologieBlumberg et a[25] analyzed a conventional methanol plant based on NG
steam reforming and reported an exergy efficiency of 37.7%. Amrollahi et ald&@jared

the exergy efficiency of several -configurations of chemical absorption with
monoethanolamine (MEA) from flugas of a NGueled power plant, concluding that exergy
efficiency downgraded from 52.7% to 49.5% with the capture. lbrahim et al [27] cednpa
exergy analyses of NG combinegcle power plants, identifying that the combustion
chamber is the main source of irreversibilities due to combustion reactions. However, to
perform a fair and relevant judgement of carbon managing technologies, a stistly m
overcome the usual analysis of the LC€nversion stage or the analysis of only one
technology (CCS or CCU).

3.1.1 The present work

Exergy Analysis is used in this work as a chemical process analysis tool, instead of the
generally use@conomic and environmental metrics, helping the decisiaking of the most
sustainable one. Exerggnalysis is utilized for comparing CCU and CCS, from the
generation of the flugas until the mitigation (and not only just a single step), identifying
hotpots of exergy losses, capture efficiency and scalability issues, with the support of two
original exergy metrics. Two innovative technologies for methanol production frommsCO
considered in the CCU. Moreover, instead of using standard tables for chexeigy, RER
parameters are obtained through commercial process simulators (Aspen Hysys and Aspen
Plus), providing molar enthalpy and entropy of pure compounds,diMea thermodynamic

packagewhich allows calculation of the chemical potentials fordheserRER[22].

The analyzed routes in this work are shown in Fig. 3.1, combining three stages: the-3TAGE
is the power plant with a nominal capacity of 210 MW, the STAGEa post combustion
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capture [10]to produce a pure stream of €®om the fluegas, and the STAGRH is the
utilization (CCU) or storage (CCS) of the purified £@ Business as Usual scenario of just
emitting the fluegas to the atmosphere is considered as reference scenario witig@tion.
Moreover, this work also investigatesupting the hydrogenation process to a pure2CO
source, as in a bioethanol or ethylene oxide plant, releasing the cost of capture [28]. In
addition to the flue gas recycle, it is also employed a-fh NG, a lowcost (due to its low
calorific value) fuelresource, abundant in the Brazilian BBedt reserves, where associated
gas exhibits high C&xontent [29], requiring upgrading before use in power plants.

STAGE-1 STAGE-3

Power Plant
210 MW nominal

CFlue Gas
|

_Natural -
Gas

2 - Storage (CCS)

3 - CO, Hydrogenation...

Ml

... to methanol

Flue Gas 4 - Bi-reformming +

Syngas Convertion...

Ml

5— Emission + pure
CO- Hydrogenation

Bivehanol o 1 - Emission (BAU)

ethylene oxide
plant

Fig. 3.1. Routes for exergy analyses:-BEmission, 2CCS, 3Capture + COz
hydrogenation, 4Capture + Syngas conversion,-5Pure COz hydrogenation.

3.2. Methods

AspenrtHysys and AspenPlus process simulators solve mamsergy balances and stream
thermodynamic variables required to evaluate the exergy flow rate of peiteEm®s, so that
the exergy balance of process units can be performed. The-Rlukidssociation Equation
of-State (CPAEQS) is used, except for the pasimbustion C@capture via aqueotEA
absorption, in which the HYSYS Aci@as package is employedxdtgy assessmens
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performed in spreadsheets with automatic data import from process simtilatootar

enthalpy, molar entropy and component flowrates of all streams crossing a given enveloped
unit/process under analysis. All calculation steps are peeoy relatively to a chosen RER,

in a spreadsheétwithout relying upon chemical exergy tablesnd all the required data is
retrieved from the simulations. At last, Sankey diagrams are generated (using
sankeymatic.cojnfor visualization of exergy flowsand evaluation of exergy metridspm

the power plant to C&storage or utilizationEconomic aspects are not considered in Exergy
Analysis. In Exergy Analysis he fvalueo of a stream corres

relative to some Reference Environmental Reservoir (RER).

3.2.1. Process description

Process Flow Diagrams (PFD) are described with respective inputs to simulate the processes.

3.2.1.1 Natural Gas Power Plant

The simplified PFD for the NG power plant, STAGEis presented in Fig. 3.2 and is based
on Calderon [11], consisting of a NG combimaale (NGCC) plant with flugas

recirculation.

l&

10—HA-114€7 |
1? ‘J\_Z EZ F1 2

El
19 @ Hi]—ﬁ —

== MNatural Gas
W l = Cooling water

= Electricity

Fig. 3.2. Flow diagram ofNG combined-cycle (NGCC) power plant.

In this work, compressed air (stream 2) and heategtri€® NG (stream 4) are sent to the
gasturbine combustor, which is modelled as a Gibbs reaB#r The hot fluegas at 1300°C
feeds the expandebD{). Theturbine outlet fluegas is sent to the heat recovery sectel,(

for combined heat and power generation in a@itical Rankine cycle (Streamsi&), with
low-pressure steam (LPS) (streaB) &s heating utility for solvent regeneration (not required

in COx-emitting scenario) and for NG preheating (stream 4).-gageis cooled in a washing

61



tower (T1) and 35% is recycled for mixing with the g@asbine inlet air to rise the GO

content in fluegas. Table 3.1 presents the process premises for powesiphatation.

Table 3.1. Process premises for NGCC power plant.

Iltem

Simulation inputs (equipment tags)

CQOp-rich NG
Feed (Stream 3)

Flowrate: 1811 kmol/h; P=20.5 bar; T=40°C; Molar composition:

COz: 0.2013; Methane: 0.7044; Ethane: 4.918;Rropane: 3.2555.19
Isobutane: 4.8081.1%Y n-butane: 3.2054.19 isopentane: 3.005.19n-
pentane: 1.502.1®

Machines D1: Gasturbine expandér from 19.6 to 1.063 bar;

(Compressors, D2: Stearturbinei from 25 to 0.08353 barr;

Pumps and

Expanders) K1: Gasturbine air compressadrfrom 1 to 20 bar;
P1 Rankinecycle pump: from 0.08353 to 25.5 bar

Reactor Modelled as an adiabatic Gibbs reactor, with air excess (Stream 1)
adjusted to target 1300n outlet gas (expander inieStream 5).

(Combustor)

Heat Exchanger

EL1 Minimum approach = 15 °C; Pressure drops: 5 kPa igitletand

50 kPa in tubsside passages. NG preheating to 300°C (Stream 4)

Washing Tower

T1 3 theoretical stages, Pressprefile: 100.3101.3 kPa,

Feed water flowrate adjusted to target 32°C in outlet gas.

3.2.1.2.Carbon Capture and Storage

The simplified PFD for carbon capture named as STAG& presented in Fig. 3.3 together

with the CQ compression train referred as STAGHcompressors kK4). Cooled fluegas

from the washing tower is admitted at the bottom of an absorption collityrfaf CO,

removal by 30%w/w agueous MEA. While the £l@an gas is emitted to the atmosphere, the

COp-rich solvent is sent to the regeneration colu®),(which produces nearly pure €O

sent to the compression train (not required in the CCU scenarios), basically consisting of

three intercooled compression stages and a pump, allowing transportation toicgéolog

storage or EOR as supercritical dense fluid. Lean solvent from the regeneration colimn (

is recycled to the absorberl) after mixed with makeip. The heat in the stripper reboiler is
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supplied by LPS (5 bar) obtained from a M&generation plant, substantially reducing the
Rankinecycle efficiency. The solvent flowrate is adjusted to target 90% of &&ptured

from feed. Table 3.2 presents the premises for its simulation.

_%7 k24 P3
E2-Ea
== Stearn (@obar
AD—» = Cooling Water
K1 = Electncity

P2
Fig. 3.3. Flow diagram of CQ capture with MEA.

Table 3.2.Process premises for C@capture.

Item Simulation inputs (equipment tags)

Columns T1: 20Staged Absorber; P=100 kPa; P°*°™=110 kPa;
T2: 20-Staged Regenerator;®=170 kPa; P°"°™=190 kPa;
TCondenser:450C; -|-Reboiler:1200C

Machines K1: FlueGas FanP"®=100.3 kPa P°""*=110 kPa
K2,K3,K4 3-Staged C@CompressionP™®=1.7 bar, P°“"*=92 bar,
P1: Rich MEA PumpP®i€=4.0 bar,
P2 Lean MEA PumpP®'®=2 3 par,
P3: Supercritical CQPump:P"®'=92 bar; P°“"*=300 bar.

3.2.1.3. Hydrogenation of carbon dioxide to methanol (DIRECT route)

Fig. 3.4 depicts the PFD proposed for methanol production vish@dogenationalternative

used as STAGHB, which adopts a twstages reaction pathhe two reactors are intermediated

by raw methanol withdrawal and syngas compression to >100 bar to shift chemical
equilibrium towards methanol production, minimizing the flow rate of-comverted

reactants, lowering Htonsumption.

Two compressorK(l and K2) raise the pressure prior to the react®$ §ndR2), which are

cooled by means of heat integration to generate steam. The first stage partially converts the
reactants to methanol, which is condensed upon cooling and separated, while the remainder
follows to the second stage, at higher pressure. The higher suction pressure and smaller

volumetric flowrate contributes to reduce the power requirdcRinCrude methanol follows to
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the purification area, composed by two distillation columirisandT2). Table 3.3 describes the

process streams, while Table 3.4 describes main simulation premises.

17—

= Bualer Feed Water
= Steamn (@Sbar

= Cooling Water
= Electricity

Fig. 3.4. Flow diagram of methanol production via CQ hydrogenation (DIRECT route).

Table 3.3. Streams fomethanol production via CO2 hydrogenation (DIRECT route).

Streams  Description

1,2 Reactants: Pure G@nd Pure bl

17,42, 47 By-products: purge gas, light distillate and water, respecti
46 Product: commercial methanol, 99.85%w

7,28 Boiler Feed Water

Table 3.4.Premises formethanol production via CO2 hydrogenation (DIRECT route).

Item Simulation inputs (equipment tags)
Feed of H2 and CQ are fed at stoichiometric ratio (3:Btream 1Pure CQ, 2000
Reactants  kmol/h, 1.7 bar, 51.2°CStream 2Pure H, 6000 kmol/h,30 bar, 25°C.
Machines  K1: CO, compressor 03 intercooleestages from 1.013 to 30.0 bar;

K2: from 30 to 58.5 bakK3: from 56 to 170 bar.
Reactors Methanol synthesis is modelledequilibrium reactors1andR2);

R Isothermal reactor with steam generation, T=230°C, P=58.5 bar;

R2 Isothermal reactor with steam generation, T=230°C, P=170 bar
Distillaton T 10 theoretical stages, Pas5.0 |
Columns T2 30 theoretical stages, P &9u85%w |

3.2.1.4. Conversion of carbon dioxide to methanol via syngas from-beéforming
(INDIRECT route)

Fig. 3.5 depicts the PFD designed for the methanol production via syngas threnefbriing
(INDIRECT route),used as alternative route in STA@ESteam, C@and NG feed the bi
reforming reactor R1) to produce syngas, which is cooled via heat integration. The steam

flowrate is varied to result in syngas wgtoichiometric numbe$ close to 2.0, whiclpasses

64



through a 3stage compression traiKl) and is mixed with the unreacted gas prior to emgeri
reactor R2). The reaction medium is cooled to condensate methanol, which is separated and
sent to purification in columnBl andT2 similarly as in the DIRECT route, while the unreacted
gas is recycled. Tablgé5 andTable 3.6 respectively describe mess streams and simulation
premises.

Table 35. Streams formethanol production via bireforming (INDIRECT route).

Stream Description

1,2,5 Reactants: NG, C£and HO.

46, 12,47, 6 Ultilities: NG, boiler feed water (12, 47) and air (6)

10, 36, 47 By-products: purge gas, light distillate and water

44 Product: commercial methanol 99.85%w

Table 3.6. Premisesfor methanol production via bi-reforming (INDIRECT route).

ltem Simulation inputs (tags of equipment items)
Feed of  Stream 1NG1 5560 kmol/h, 1.7 bar, 35°C, molar composition:
Reactants Methane: 90%, Ethane: 6% Propane: 2%,2%
Stream 2COx 1 2000 kmol/h, 1.7 bar, 51.2°C
Stream 5PureH20 1 4700 kmol/h, 1 bar, 30°C
Machines K1: Syngas compresspi03 stage$ from 5.5 to 70.5 bar,
K2: Recycle compressd01 stagei from 69.0 to 70.5 bar
K3: Air bloweri1 from 1.013 to 1.50 bar
Reactors NG bi-reforming and methanol synthesis are modelled in equilibbased reactor:
R1 NG bireformerP &5 . 5 b ar Q;exdess$ 30%A C,
R2 Methanol synthesisreacté*t,4 70bar , T&8260AC
Distillation T: 05 t heoretical stages, Pa5.0 ba
Columns T2 25 theoretical stages, Paosgssowb a
Tee 10% of tail gas for purge (Stream 10)
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Fig. 3.5. Flow diagram of methanol production via bireforming (INDIRECT route).

3.2.2. Exergy

Exergy equations derive frontombining the ¥ and 29 Laws of Thermodynamics,
respectively ruling energy conservation and entropy creation of real processes. In the present
approach, illustrated in Fig.6, the process is considered as an open system of constant
volume and in steadsgtate involving several input/output energy and material streams. The
reference environment reservoir (RER) is formed by uniting reservoirs for heat and chemical
components. It is considered that exported work rates are positive and exported heat rates ar
negative. The molar flow rate of inlet streams is represented Rvithhile for outletsK is

used.Q andW refer to heat and work rates.

dl -
TO Qo W
F, HF SYSTEM K. HK,>

SF STEADY STATE I

=
—inc [
[ ﬁnb

To
\ UﬂcJ

Fig. 3.6. Opensystem representation and its interactions with reservoirs.
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The system portrayed in Fi@.6 interacts with component reservoi(R, R,...,R.) in
equilibrium with each other, wherac is the number of components, eachTatand ;.

Only componentk is able tobe transferred across the boundaries in any direction between
the system and the corresponding chemical reservoir, being accompanied by energy transfer

X, . Finally, the system interacts with tlaenbient heat reservoiR,, which is enabled to
exchange heat at a ra@ at constant volume and temperatuiig)( Thereby, the system

only interacts with the RER, which is the union of time+1 reservoirs. Since the
temperatures are not conflicting and the chemical potentiglsare the ones in the
considered RER composition, all reservoirs can be gathered to compose the RER,)Eq. (
Applying the ®'Law of Thermodynamics to the system in R, results in Eq.3.2). The
operating equations of the reservoir, E§s3)Y and 8.4), can be written withite fundamental

relation of thermodynamics in the integral form and in terms of rates

?y:TS-PV amn :
G k

RER= R +R R -+ R (3.1)
nps _ nfs _ ncﬂ . .

éKjHKi = a:jHFi +aX & W (32)
j i k

U =T &% =g ¥ o (3.3)
U(Rk)zT0$(R<) _mi[\tﬁ) :'Iz (3_4)

Equations of entropy and component balance in the Universe are enabled for the system
depicted in Fig.3.6, reducing the degrees of freedom. The entropy balance, solved for
entropy creation rate, is given by Eg.5) and the componerk balance, also solved for its

creation rate, is given by E®.6).

L ne o ooons s

W =8 €% F¢Y FFs  AKS (3.5)
k j ]

- (sys wR) e b

W, =N NG afYe akY (3.6)
i i
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ConsideringS(R*) = -Q/ T, given that this reservoir is isothermal and in equilibrium, and

using the steady state system condition, B@) (can be obtained from Ed3.%). Similarly,

N >is also zero due to steady staloreover,the creation rate of componeht in the
UniversgW) can always be set to zero, even with the occurrence of chemical reaction in the
system. When a reaction takes place, the respective species are stored or generated by the
reservoir, reversibly and under chemical equilibrium, to compensate the variatbmsust

occur because of the reaction. In that way, the component variation in the Universe (RER
plus system) is null and the hypothesis is valid. With these facts3B{.ig obtained from

Eq. 3.6).

: g L e e
sW+g 8% =w BFS &' (37)
k j j
(R _ e
NG = a F¥e - aKj Y (38)
j j

Substituting Eq.34) , Eq. 8.3), Eg. 8.7) and Eq. 3.8) into Eqg. 8.2), one can obtain Eq.
(3.9), which relates the mechanical work produced with the thermodynamics properties of the

process streams.

' nps 8 _ nc nfs" 2 _ ne 0.
W =aKj§é4Kj TS, @i o & T-ge Ts &Y &5 @9
j k j K *

1-O: Ot

Considering that the maximum work is obtainable when the process is reversible, the term
W, must be set to zero, so that theradscreation of entropy in the systefthe maximum
rate of work isequal to the negative of the change on exergy rate 3B)(By comparison,

it is evident the mathematical definition of exergy in EGslX) and 8.12). Eq. 8.14) is also
obtained when comparing Egq8.10) to 3.13).

DE = WMAX (3.10)
. nfs é _ _ nc
Enet = QA Fj 8’51_'5 T % 'a"f YFJ- (311)
j k=1
. AL o
Eoutlet = a K j ?4 K; -TO S@» -H72 xﬁ (312)
i k=1
WW1oss = W A\ (3.13)
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Wloss — oq < (314)

The exergy balance throughout the process is represented 8.15).[80], where E is the

exergy rate (in kW) andE" is the exergy rate from purely mechanical energy streams (in
kW). Egs. B.11) and 8.12) are applied for each inlet and outlet stream, considering the

equipment and the chemical plant as the control volume, individually, so that only the

Eestroyed IS NOt known in Eq.3.15). The variablesg,, and E,,, are defined in Eqs3(16) and

(3.17), and the difference between them is the destroyed exergy.

E‘inlet + Ei\r/1\llet :E\Naste Eproducts .E‘{)utlet ‘Eé-estroy‘ (315)
.'tr?tal = Enlet +E\rl1\llet (316)

~total — - N
E - Ewaste +Eproducts EN

out outl

(3.17)

3.2.3. Reference Environmental Reservoirs

According to Egs.3.11) and 8.12), it is necessary to calculate the chemical potential of the
components in the RER] before calculating the exergy of the streams. The atmosphere RER
is at sea level, in internal equilibrium, with coordinaBsand T, being 1 atm and 25°C. The

atmosphere is considered formed by nitroges), @kygen (Q), argon (Ar), CQand RO in the
standard composition admitting saturation in water, formingvfamte body of liquid pure in

water All other oxidizable species present in the pro¢eéss monoxide carbon (CO), hydrogen

(H2), methanol (€l:OH), methane (Ckj, ethane (€He), propane (eHs) i are assumed in
chemical equilibrium with the species of the Standard Atmosphere via combustion equations.
All species are assumed in equilibrium with the respective reservoirs of compdRgntsucCh

that the RER can be taken as the union of them. Since Aspen Hysys does not have a tool to
evaluate the chemical potential, its vainethe RER for each component (R, T,), is
performedin all processethrough Eq(3.18) [22], which considers the vapor phase as ideal

gas.

(R To) = (n°(To) +R-|5|n( Fo’Y) (3.18)
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Where /ﬁ'O(TO) is the pure component chemical potential formation at standard conditions
and Y° is the molar fraction of the componenin the RER. The ternmvj ° (TO) can be

calculated with Aspen Hysysy defining pure streams d& and T, sufficient conditions to
consider it an ideal gas, as assumed. Thus, since the molar Gibbs free energy is exactly equal to
the chemical potential for pure substances, the te;irﬂ(To) can be obtained by E3.19),

where indexi may refer to any component present in the analysis, provided that it is in gaseous
state and has a defined molar fraction in the RER. This exclu@®sCiH, Hz, CO, CHOH,

CoHe, CsHg and MEA. Since the system is supposed to be in Wapod equilibrium with

water, phases have the same chemical potentials, allowing the use 3R&pin(a freewater

approach of liquid phase.

nf°(T,)=H(purei T, B) -T pureid, &, i =N, O CQ / (3.19)
m(R.T)= #P(R,T) =H (purei T, B TS( pureid P, i #H (3.20)

The chemical potential of species that are pasent in the Standard Atmosphere (e.g.
methanol) is calculated by chemical equilibrium in the respective combustion reactions, using
the potentials of the species that are originally present. The equilibrium is obtained through
complete combustion chenaic reactions, forming ¥0 and CQ that are present in the
atmosphere. Using methanol as an example, the reaction represented3®1Ee ysed in the

calculation of ] (R, T,), as shown in Eq3(22).

5006 °0Q ofcd Qf 66 Q ¢O0 Q (321)
: : ofc ¢ (322)

C

Thus, methanol is introduced into RER with this chemical potential, and in equilibrium with the
other species. This procedure is performed for all the oxidizable species staftiuard
atmosphere, they are: GHH, CO, CHOH, GHes and GHs. Table 3.7 shows the resulting

chemical potential of this procedure in both process simulators

Table 3.7. RER composition and chemical potentials.

M (R, T,) (KI/mol)

Aspen Plus Aspen Hysys
N2 0.75610 -6.929E1 -4.485E+1
Oz 0.20282 -3.956E+0 -4.719E+1

Component  Molar fraction
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M(R, T,) (KI/mol)

Component  Molar fraction
Aspen Plus Aspen Hysys

CO; 0.0003 -4.139E+2 -4.647E+2
Ar 0.00904 -1.167E+1 -4.743E+1
H20 0.03165 -2.372E+2 -3.022E+2
CHa - -8.803E+2 -9.747E+2
H2 - -2.352E+2 -2.786E+2
CO - -4.119E+2 -4.411E+2
CHsOH - -8.823E+2 -9.983E+2
CzHe - -1.525E+3 -1.671E+3
CsHs - -2.170E+3 -2.367E+3
MEA - - -1.856E+3

3.2.4. Exergy performance metrics

The process performances are evaluated by means of exergy metrics. Several metrics are
obtained from the literature and two new metrics are proposed in this work derived from

exergy assessment: the exergy Capture Effici€rGE) and Scalability RatideSRH .
3.2.4.1.Exergetic efficiency

Different ways to define exergy efficienc{r) can be employed [30], but the rational

efficiency, Eq. 8.23), is used.

h = (Eproducts _{-Evc\;utle)/( Einlet E/:ﬂe) (323)

Methanol and sweajas are considered product material streams and the pure mechanical
stream in the outlet is the electricity produced by plosver plant. Sweegas must be
considered a product, when the objective to capture a given percentage 2ofs CO
accomplished, since it will always have exergy, even if the @@oval is total. As the
product and the produced electricity are maximized or the process inputs are minimized, as
well as their exergies, the exergy efficiency and, consequently, the sustainability of the

system increase.
3.2.4.2. Waste Exergy Ratio

The Waste Exergy RatigeWR is defined as the ratio of the exergy being wasted to the inlet
exergy as shown by Eq3.24) [31]. Waste of exergy is the lost plus the destroyed exergy, while

Loss streamare the hot cooling water, water, flgases and light gas.
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eWR= '@/astey .ﬁlet :( 'E_oss _'|_EDestroyej:|/ ( .ﬁet ) ﬁm (324)

3.2.4.3. Exergy Recoverability Ratio

The Exergy Recoverability Rati(eRR is evaluated by the ratio of the useful Exergy to the
inlet of exergy as shown by E®.25) [31]. Streams considered in tkg_, are the condensed

steam, residual gas, produced steam and stored CO
eRR= E*"/( R +Fe) (3.25)
3.2.4.4. Exergy Destruction Ratio

The Exergy Destruction RatieDR) metric is evaluated by the ratio of the Destroyed Exergy
to the inlet of exergy, as shown by E826) [31].

eDR= B9 (E,. +EV) (3.26)
3.2.4.5. Exergetic Sustainability Index

The Exergetic Sustainability IndejeSI) is the ratio of the efficiency to the sum of te&/k

witheDR; i.e., the ratio between useful exergy flow rate and exergy losses(B\&q.[31].
eSI=h/(eWR eDRA Ry +e)/( B+ ET (327)

3.2.4.6. Improvement Potential

The Improvement PotentideIP) in Eq. 3.28), is useful to compare tlenount of exergy that

can be saved among completely different processes, since the destroyed exergy depends on the
process scale and its efficiency [32].

elP=(1 /) B (3.28)
3.2.4.7. Capture Efficiency

This work proposes a new metricitalicate the process that uses the resources to mitigate

CO2 more efficiently. The Capture EfficiendeCE) is evaluated as the efficiendy?) in the
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COz capture stages (capture with MEA and2@@stination), as shown in E@.Z9). In the CCS

case, the Cgstored is considered a product.
eCE= 'Egrco)sug;pture stage7/( Enlet +En\1\ét) CD capture sta (329)

3.2.4.8. Scalability Ratio

This work proposes a Scalability Ra{ileSR to indicate how easily a process can be sagte

and is the ratio of the exergy of the figas stream to the total inlet exergy in the capture stages,
as shown by Eq.3(30). It is the inverse of how much extra exergy is required to mitigage CO
emissions, i.e. the lower its value, the higher is the amount of required exergy in the capture
stages, as raw materials and utilities, and the lower is the scalability. Thetedonggher the

input of exergy (power or resource) to mitigate-Ci@e hader is the process to be scaled up. In
case of emitting the flugas to atmosphere, tl&SF is 100%, since the inlet of exergy in the last

stage would be the same as in the-Gias.

eSR: ‘ﬁue gas/ .ﬁ'nlet of the capture stagt (3 30)

3.3. Results and Discussion

Process simulation results are shown in Ta®ewith literature data shown for validation
purpose. The net efficiency reported by Calderon [11] is higher than in this work mainly
because of the lower pressure of thee@be stord, 110bar [11] against 300bar (this work),

with consequent reduced electrical duties. The obtainedcG@ent in the flugas is higher
because of the fuel composition, &£h fuel is herein used. The performance of2CO
capture by MEA absorption is infer to the reported by Calderon [11], mainly because it
does not operate at the same conditions, although close enough for an overall comparison of

exergy performance.

The bireforming reactor reported by Olah [33] operates at lower temperature (918fStag

950°C) and higher pressure (7bar against 5.5bar), which partially explains the higher
conversionand M CO rati o of this work (Le Chatelie
slightly higher than most common literature values [25], as an equilidsasad model was

utilized (Gibbs reactor), thus giving optimistic estimation of the reactor performance, with
higher H conversion per reactor pass. In the case of the-frigésure synthesis at €0

hydrogenation R2), however, not onlythe equilibrium condition is favoured but also the
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model is more accurate [34]. However, the overall reaction stoichiometry is respected and the

achieved C@and CH intensitiesi respectively expressed &®/tmethanoland tena/tmethanol T

are close toitlerature values.

Table 3.8. Simulated process performance.

Process Variable Unit This study Literature
Power plant Net efficiency  %LHV 57.7 i
w/0 capture
Power plant Net efficiency %LHV 45.9 52.6 (110bar) [11]
designed for COzin Fluegas  mol% 7.69 6.57 [11]
capture
Reboiler Duty GJICQ 3.723 3.489[11]
MEA capture Lean Loading molCG/molIMEA  0.2185 0.263 [11]
Solvent cycle kgsolv/kgCQ 13.32 -
_ R1conversion (CO + CQ)% 29.2 22 [35]
Hydrogenation o onversion  (CO + CQ)% 96.2 92.5 [34]
H2/CO mol/mol 2.10 1.99 [33]
R1conversion CH4% 95% 86% [33]
R2conversion CO% 66.7 64% [29]
Bi-reformin H2% 50 12.8% [25]
9 CO; feed intensity tcodtmethanal 0.403 0.420 [25], 0.347 [36

Methane intensity tcHa/tmethanol 0.434 0.54 [25], 0.439 [36]
R2Recycle ratio - 0.86 4.2 [25]
Energy efficiency % 38.7 35.9 [25]

3.3.1. Exergy analyses

The first exergy analysis presented adopts the plant as control volume, considering all the
equipment items, calculating the rate of exergy destruction and the rate of entropy creation,
and the respective deviation between these values, with results showable 3.9.
Differences between exergy destruction rate and entropy creation rateTgianresall below
0.06%, excepting for postombustion capture aquesNHEA unit which shows 1.96% owing

to small inaccuracies typically generated thgermodynamic modetransitionsin process
simulators (e.g., from CREOS to AcidGas Package)Moreover, modekransitions are

dangerous t@xergy assessment, as thermodynamic properties {¢,§) can be obtained

from different standard states generating conflicting results. Hem@es decided to analyze

only the overall postombustion aqueoHglEA capture unit.
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The power plant designed for €@apture (STAGEL) has higher exergy destructioraththe

plant without capture: 44.1% against 42.4%, as seen in Ba®lAlthough MEA-based
capture has the highest percentage of exergy destroyed, the absolute rate of exergy
destruction is among the lowest, second only to the &E@age step. At last, the methanol
production in INDIRECT route (NG feforming followed by methanol synthesis) destroys
more exergy than in DIRECT route (@ydrogenation) 22.7% against 7.0% and also
presents the highest sink in terms of exergstrdetion rat¢ 507 MW against 30 MW.

Table 3.9. Exergy analyses of overall processes.

Envelope E,(KW)  E, (KW)  EqopedkW)  TW (kW)  Error  %destroyec
E’;’g"t’srrep'a”t w/o 309191 229961 169230 169230 0.000% 42.4%
E’;’g"t’srrep'a”t with 402937 225075 177861 177855 0.004% 44.1%
AqueousMEA 41637 22463 19,174 18802 1.942% 46.1%
capture

CO» Storage 20824 16812 4,013 4,010 0.058% 19.3%
CO, hydrogenation 0 0
(DIRECT route) 426504 396847 29,658 20669 0.039% 7.0%
CO:bi-reforming 2,236,419 1,729,426 506,993 507,061 0.01%% 22.7%

(INDIRECT route)

Next, to spot mairexergy destructing items within process alternatives, a second analysis is
performed for separately evaluating each equipment item. From the power plant
(with/without CQ capture) to CCU (C® conversion to methanol via DIRECT and
INDIRECT routes), Fig3.7 (A-E) shows exergy flow rates entering/leaving each unit with
respective exergy destruction rates, and overall process performances. Unit tags are in
accordance with PFDs in Figd2-3.5. No thermodynamic inconsistencies or negative exergy

flow rates wee found.
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Fig. 3.7. Exergy analyses (MW) of units and overall process: (A) NGCC with C{apture;
(B) NGCC without capture; (C) CCS storage step; (D) Methanol production via C®
hydrogenation (DIRECT); and (E) By-reforming methanol production (INDIRECT).

Figs.3.7A and3.7B show the results of the NGCC power plant, designed and petfiarm

CO. capture, respectively, both regarded as STAGEIig. 3.1). The biggest difference
among them is the exergy inlet rate to the steam turli@g @ccounting for 42MW in the
capture scenario against 76MW without capture, since considerablenpoftihe recovered

heat is deviated to supply the reboiler duty of MEA regeneration column, consisting of an
energy penalty for capturing GOHowever, the percentages of destroyed exergy in
equipment items are very close in both scenarios, with thgec&@uring plant showing
higher overall exergy destruction: 178 against 169MW. The main sink of exergy rate is the
combustor R1), which also has the highest rate of exergy inlet.
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Fig. 3.7C showsthe results for the CfOconditioning system to target spec#ion to
geological storage, STAGE in Fig.3.1. Every compression stage has similar contribution to
exergy destruction, expressing simulation premise of fixed adiabatic efficiencies, being the
heat exchanger€&£B-ES) slightly more inefficient than the ogoressors. For STAGE (Fig.

3.1), which produces methanol (CCU), Fi§.7D presents exergy destruction in £0
hydrogenation (DIRECT route), while Fi§.7E shows the corresponding results for.®@
reforming (INDIRECT route). The second reactB2( and the second columii?) are the

main sink of exergy in the hydrogenation process, while the reformer re&iors(the
biggest sink in the INDIRECT route, much higher than other equipment of all STAGES
depicted in Fig3.1, accounting for almost 60% all the exergy lost in the process. This
occurs because molecules of high chemical potential@Cand G i fuels) are oxidized to
produce species of lower chemical potential {@&0Ad HO). Since it is a characteristic of
reforming reactors, suscepliby for exergy loss minimization is limited. Moreover, the heat
exchangeE3 is the second biggest exergy sink, as high delta temperatures are expected to be
found in the convective zone of reforming furnaces, especially when considering the
production ofsaturated steam. The second distillation colufi®) in the INDIRECT route is

not as inefficient as the corresponding column of the DIRECT route, showing lower percent
of exergy destruction (1.41% against 2.07%), since the DIRECT route is featured by raw
met hanol of much higher asatheenly socucce of eanbon tq & 5 0 %
methanol synthesis, which yields methanol and water in the same proportion accordingly to

reaction stoichiometry.

3.3.2.Sankey Diagrams

Figs. 3.8 to 3.12 respectively portrait the Sankey diagrams of CCS, CCU via DIRECT route,

CCU via INDIRECT route, and COhydrogenatiori also as a DIRECT route, but dispensing

COz capturei using a readily available pure @&tream. InFig38, t he fAcaptureo
lower middle part of the Sankey diagram, is the chemical absorption with MEA, while the
Aist orageo bar in the rightyishéehépoweprpbanbd
upper left, is the primary source of €Qhe plant inputs are placed the left of each of these

bars while on the right are positioned the outputs. As can be seen §8Fihe largest part of

the exergy destruction comes from the power plant, when compared to the capture and the
storage (180MW against 1I9MW and 4MW, pestively). Moreover, the exergy required to

mitigate about MW of C&e mi ssi ons (from 9MW in the Afl ue
Asweet gaso) i's about 33 MW, being the major
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Similar representation is used the others Sankey diagrams (Fig$. to 3.12). The width of

each stream is proportional to the exergy flow rate.

Figs. 3.8 to 3.10 evidence the share of the power plant in the exergy flow throughout the
production chain steeply decreasingsawage is replaced by the DIRECT £€nversion to
methanol and then by the INDIRECT one. In fact,,@8stination through NGifseforming

(Fig. 3.10) for syngas generatias much more exergetically intensive than8®@drogenation

(Fig. 39) and storagéFig. 3.8): 2,236 MW against 426 and 20.8 MW, respectively. Notably,
the exergy leaving the flugas of the breformer furnace is even higher than the-fhas from

the power plant (39.4 MW against 8.9 MW), indicating that Cé&pture is not effective itnis

route Fig. 3.11 shows that product exergy in electricity form is retrieved from the capture
requirements by removing this step, when carrying the DIRECT route with pyredD@es
(213.7 MW against 180.2 MW when the capture is required). This is also true for the emission

scenario, as depicted in F§j12.

Air Inlet: 382

Electricity: 180,237

Effluent: 2,436

CO2 rich Power Plant: 402,936
Natural Gas: 397,802

Destroyed Exergy: 201,048

Steam to capture: 30,355
Capture: 41,637

Process Water: 175 Flue Gas to capture: 8,878 Sweet Gas: 5,937
Condensed Steam: 4,142 . .
Cooling Water: 826 CO2 captured: 10,897 Hot Cooling Water: 5,728

= Condensed steam: 3,784
Solvent-Makeup: 1,844 Storage: 20,825
Electricity In: 10,101 ’ Stored CO2:116,099'0

Fig. 3.8. Sankey diagram (kW): CCS route.
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Air Inlet: 382

CO2 rich Power Plant: 402,936

Natural Gas: 397,802

Steamito.capture: 30,355

Process Water: 175
Condensed Steam: 5,124
Solvent Makeup: 1,844
Cooling Water: 1,307

Electricity In: 18,110
Steam In: 14,026

Flue-Gas.to_capture: 8,878
Capture: 41,637

CO2 captured: 10,896

Hydrogenation: 426,505

H2: 382,184

Electricity: 180,237

Effluent: 2,436

Destroyed Exergy: 226,693

Sweet Gas: 5,937
Condensed steam: 5,643
Hot Cooling Water: 8,404
Produced Steam: 16,154

Light Gases: 3,750
Residual Gas: 13,418

Methanol: 357,850

Water: 427

Fig. 3.9. Sankey diagram (kW): CCU DIRECT route (CQ: hydrogenation to methanol).

Air Inlet: 382
Power Plant: 402,936

CO2 rich Natural gas: 397,802
Steam.to capture: 30,355

Process Water: 175 Flue Gas to capture: 8,878

Condensed Steam: 4,142
Solvent Makeup: 1,844
Cooling Water: 2,5&9
Electricity in: 77,431
Inlet Air: 142

Capture: 41,637
CO2 captured: 10,896

Syngas: 2,236,420
Natural Gas: 2,101,773

Steam in: 34,216
Boiler Feed Water: 10,433

Electricity: 180,237

Effluent: 2,436
Sweet Gas: 5,937

Destroyed Exergy: 704,028

Condensed steam: 7,973
Hot Cooling Water: 14,439

Produced Steam: 195,619

Residual Gas: 175,797 |

Methanol: 1,282,727

Light Gases: 22,075
Reformer Flue Gas: 39,441
Water: 154

Fig. 3.10. Sankey diagram (kW): CCU INDIRECT route (methanol via bireforming) .
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Inlet Air: 602
Cooling Water: 787

CO2 rich Natural Gas: 397,802

Steam: 14,026

H2: 382,184

CO2 captured: 10,896
Cooling Water: 623
Boiler Feed Water: 982

Electricity in: 17,794

Power Plant: 399,191

Hydrogenation: 426,505

Flue Gas: 10,496

Electricity: 213,733

Destroyed Exergy: 198,888

Hot Cooling Water: 9,121

Condensed Steam: 1,859
Produced Steam: 16,154
Light Gases: 3,750
Residual Gas: 13,418

Methanol: 357,850

Water: 427

Fig. 3.11. Sankey diagram (kW): DIRECT route (pure CQ hydrogenation to methanol).

Inlet Air: 602
Cooling Water: 787

Power Plant: 399,191

CO; rich
Natural Gas : 397,802

Flue Gas: 10,496

Electricity: 213,733

Hot cooling water: 5,732

Destroyed Exergy: 169,230

Fig. 3.12. Sankey diagram (kW): power plantemitting flue-gas to atmosphere.

3.3.3.Exergy Metrics

With Sankey diagrams, Tab810 presents various categories of exergy flow rates: product,

destruction, waste, useful, among others, so that exsggd metrics are calculated for

process evaluation (Fi@.1). Calculated exergy metrics of processes are shown in Table

3.11.
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Table 3.10. Categories of exergy flows (kW): processes in Fi§)1.

CCuU CCuU Pure COz .
Exergy Flow (kW) CCS Hydrogenation Syngas hydrogenation Emission
Products 186,174 544,024 1,468,901 571,583 213,733
Inlet 415,268 820,949 2,633,782 825,696 399,191
Loss 8,164 15,017 81,464 23,794 16,228
Destroyed 201,048 226,693 704,028 198,888 169,230
Useful 19,883 35,215 379,389 31,431 0
Products of STAGE 22,036 363,787 1,288,664 357,850 0
Fluegas to STAGR2 8,878 8,878 8,878 10,896 10,496
Inlet to STAGE2 and 3 51,565 457,246 2,270,079 426,505 10,496
Table 3.11. Exergy metrics: processes in Fig.1.
Metric Description CCS ccu CCU Pure CO Emission
Hydrogenation Syngas hydrogenation
h ExergyEfficiency 44.8% 66.3% 55.8% 69.2% 53.5%
eWF ExergyWaste Ratio 50.4% 29.4% 29.7% 27.0% 46.5%
eRR Recoverability Ratio 4.8% 4.3% 14.4% 3.8% 0.0%
eDR Destruction Ratio 48.4% 27.6% 26.8% 24.1% 42.4%
eSl Sustainability Index 88.9 225.1 187.7 256.7 115.2
elP Improvement Potentia 110,914 76,469 310,945 61,209 78,621
eCE Capture Efficiency 42.7% 79.6% 56.8% 0.0% 0.0%
eSF  Scalability Ratio 17.2% 1.94% 0.39% 2.55% 100%

CCU-Hydrogenation (7 =66.3%) has higher exergy efficiency than CCU with NG bi

reforming (/7 =55.8%) and CCS(/ =44.8%), which makes this alternative as a promising

candidate for being more sustainable for.@@itigation from power plants. Hydrogenation

of readily available pure GGstreams is evidently more efficidfit=69.2%), showing that

these streams should be considered in first place whenever possible before deciding on

performing CQ capure.

Comparing the CCS scenario with the £é€mission alternative, the exergy efficiency is

reduced from 53.5% to 44.8% because of the capture step requirements (exhaust gas recycle

and steam production). It is interesting to note that the sustainaipiltgrms of# and eSl,

is higher for the configurations that are emitting the-flas (pure C®hydrogenation and

emission scenarios) than for the CCS, reasonably expressing the fact that CCS systems

81



naturally increase the use of energy resources, contributing to resources depletion as well as

to life-cycle environmental impacts related to upstréaeh processing.

Table 3.11 shows that CCU to methanol via the DIRECT route has the highest exergy
derived Capture Efficiency (eCE=79.6%), followed by the INDIRECT route
(eCE=56.8%) and by CCS(eCE=42.7%), which remarkably demonstrated the worst
exergy Destruction RatideDR=48.4%). On the other hand, CCS emerged as the best
option by far among proposed mitigation alternatives in termeS#, 17.2% compared to

less than 2.6%f the othergrocesses. To achieve the objective of environmentally friendly
energy production, CCU technologies must increaseSRby decreasing the exergy flow

required to convert COOn the other hand, CCS needs to increase its exergy efficiency, by

lowering the exergy deviated from the power plant to the Capture step, for instance.

Fig. 3.13 shows a radar diagram with the metrics at its vertices and the processes along the
axis. All metrics are normalized, so that O corresponds to worst performance atheé bést

one for each indicator. Hence, to make the polygon vertices point to best altera¥tfive,

and eDR were replaced by1- eWR and (1- eDR). Results fors and eS| metricsare

similar, together with the(l- eWR and (1- eDR). They show a similar trend: readily
available pure C® hydrogenation presenting the best results followed by -CCU
Hydrogenation, with the worst performance by CCS, followed by-dhge emission.
Moreover, eRk and elP are another pair sharing the same results. Therefore /o@ERE,

eCE and eSF are considered as representative metrics in this éasean be seen in Fig

3.13, the emission scenario is concentrated on the centre of the chart, showing that the

emission do not perform well for the majority of the exergy metrics.

82



10

05 ey
eSRy I-elWR)
0.6 "'/ )
0.4 ><
ﬂ% |
eCHE— ol \eRR
‘ X
r
eIP t @ -2DR)
«CCS 2S]  WMCCU Hydrogenation
CCU Symgas #® Piure CO2 Hydrogenation

w Flue Gas Emission
Fig. 3.13. Radarplot of normalized exergy metrics: @ worst, 1 best.

3.4. Conclusiondfor Chapter 3

In the present work, CCS and CCU (DIRECT and INDIRECT methanol production) routes,
besides hydrogenation of readily available pure, GDeams, were analysed through a
framework oriented by eight exerdpased indicators, applicable to reagtsystems. For this set

of metrics, two original indicators were developed to enlighten process specificities: the exergy

Scalability Ratio(eSR and Capture EfficiencyeCE), both calculated using exergy floates.

Only four of the eight metrics are independent and necessary to rank the processes. Among CCU
options, the DIRECT route through e8ydrogenation showed the highest exergy efficidncy
h =66.3% versus /1 =55.8% in the INDIRECT routei ratifying its supposed greater

sustainability. The outlet exergy flow rate of figas in the INDIRECT route was even higher
than the power plant one, indicating its low sustainability. CCS had the worst exergy efficiency
and a lowcapture efficiency (44.8% and 42.7%, respectively). On the other hand, scalability
issues were found in the CCU options, with less than 2.6% in this metric, while CCS had the
best result, 17.2%.

In the INDIRECT route, the kbieforming reactor together thi the heat recovery from the
furnace fluegas are major destructors of exeiggr hotspots of inefficiencielk impairing the
competitiveness of such alternative concerning @@igation. Also of significant relevance
was the higher exergy efficiency thfe CQ-emitting power plant than a corresponding system
including CCS, confirming the wellnown effect of increased use of resources, generally

indicated by energy penalties. The results of this work demonstrate that exergy assessments may
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provide a thenodynamically sound framework to screen the sustainability of processes and can

also be used as an optimization tool for CCS and CCU processes.

It can be concluded, therefore, that exdogged metrics are able to properly identify
sustainability issues wiin a real process. This suggests that such exaggd framework may

replace energgriented indicators and, to a limited extent, also some environmental indicators.
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4. BIOENERGY PRODUCTION FROM SUGARCANE BAGASSE WITH CARBON
CAPTURE AND STORAGE: SURROGATE MODELS FOR TECHNO -ECONOMIC
DECISIONS

This chapter is published as an article in RenewableSQustainable Energy Reviews

WIESBERG, I. L; DE MEDEIROS, J.L.; MELLO, R.V.P.; MAIA, J.G.S.S.; BASTOS,

J.B.V.; ARAUJO, O. Q. F.; Carbon Dioxide Management via Ex@&aged Sustainability
Assessment: Carbon Capture and Storage versus Conversion to MetleareslaBle and
Sustainable Energy Reviews, 150, 111486, 2021.

Abstract

The use of biomass in cogeneration is a sustainable alternative of energy production, allowing
replacing fossil fuels and reduction of greenhouse gas emissions. Thisdisoldses an
integrated process analyzer framework comprising surrogate models for estimation of fixed
capital investment, revenues, costs of manufacturing as well as several performance
responses of cogeneration units of sugartaoesfineries burning lggsse, with/without
postcombustion carbon capture and storage. A restricted number of inputs are required,
namely bagasse availability and heat requirements of the sugdioasknery. To develop

the investment models, a 33 factorial computati@xaglermental design was performed,
where AspenOne Portfolio was used in each run to simulate the process allowing estimating
the fixed capital investment. Surrogate models were adjusted to fit capital estimates, resulting
in 1.9% and 1.3% mean errors for theyeoeration and the pesbmbustion capture steps,
respectively. Capture costs were estimated by analytical equations using the investment
values and other estimates from the process analyzer framework, reaching 262 USD/t, but
can be as low as 17.2 USD/t limitations from the agricultural sector are disregarded;
namely seasonality, operating time and capacity. The developed framework can assist in
sugarcaniorefinery investment decision making regarding bioenergy with carbon capture
and storage or to delop carbon mitigation policies.

Keywords

Cogeneration, Technic@lconomic assessment, Bioenergy with Carbon Capture and Storage
Sugarcane Bagasse, £€Capture, Combined Heat and Power
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Abbreviations

APEA ASPEN Process Economics Analyzer; BECBIBenergy with Carbon Capture and
Storage; BRL BR Real; BST Biomass Ste&arbine; CCS Carbon Capture and Storage;
CW CoolingWater; CHP Combined HeanhdPower; EOR Enhanced Oil Recovery; GTCC
GasTurbine CombinedCycle; LPS LowPressure Steam; MEA Mondbetnolamine;
MMUSD Million US Dollar; MPS MediumPressure Steam; NGCC Natural Gas Combined
Cycle; SBAF SugarcanrBiorefinery Analyzer Framework; SHPS Super Higressure

Steam.

Nomenclature

bb : Boiler blowdown(%)

C : Componeni cost(MMUSD/t)

CC : Capture cost (USD/tCO?2)

COL, COM, CUT : Labor, manufacturing and utility costs (MMUSD/a)
FCI : Fixed capital investment (MMUSD)

dh : Fraction of MPS and LPS for heating (%)

Hr : Specific enthalpy of stream i (GJ/t)

Dl-ll_:sz_ q=H g -H 4 : Difference of specific enthalpies S2 and S1 (GJ/t)
LF : Dimensionless location factor

LHV : Lower heating value (MJ/kQ)

m : Flowrate (t/h)

MARR : Minimal acceptable rate of return (%)

MSP : Minimum steam sellingrice (USD/t)

mu : Make-up water(%)

NPV : Net present value (MMUSD)

oT : Operating time per annum (h/a)

P : Pressure (bar)

T : Temperature (°C)

w : Power (MW)

X : Bagasse flowrate (t/h)

Y : Percentage of SHPS for MPS+LPS production (%)
Z : MPS percentage in LPS plus MPS (%)

4.1. Introduction

Recently environment concerns have become a major issue on political agendas, directing
efforts towards using renewable sources to supply the increasing energy demand. Forecasts
showthat by 2050 renewable fuels should displace petroleum as primary esoengg[1],
indicating the relevance of biomasased Combined Heat and Power (CHP) systems.
Biomassbased CHP, or cogeneration, produces steam and electricity with optimum

efficiency [2] from the same source of bioenergy. Biombased CHP can fulfill two

89



objectives: supply energy efficiently in many forms with economic benefits while mitigating
greenhouse gas emissidB]. It also entails the benefit of energy security; i.e., the
uninterrupted electricity availability during shortages of the main triputérthe energy
matrix, e.g., hydroelectric plants in drought periptls That is, biomasbased CHP becomes

a sustainable and reliable alternative for energy production, allowing replacing fossil fuels.

Interest in biomasbased CHP has increased due itoreasing fossil fuel costs and
environmental concerns. Not only biomass, but a variety of renewable fuels can be used in
CHP, including biogas, landfithas, solar energy, fueklls and wastbeat[5]. Natural gas

can also be used in CHP, but it has iemmental issues and gives inferior economic
response than biogas in some configurati@hsin the present study, bioethanol production

from sugarcane takes advantage of the bagasse availability to feed CHP.

Brazil is one of the biggediioethanol producerglobally, accounting for° 26% of global
production, second only to the USA which respond® &8% [6]. In the past, lowpressure
boilers were used in Brazilian sugarcdmerefineries because they were cheaper and
sufficient for energ needs. Howeverthe integrated sugarcaherefinery producing
bioethanol, sugar and electricity surplus from bagasse burnt ingregsure boilers was the
most common configuration in the new 2007 Brazilian bioenergy projégts This
configuration beame competitive with the 2004 reform of the Brazilian electricity sector that
created conditions for commercialization of surplus electricity to the[&jrid

The two main configurations of biomasised CHP are: (i) biomass gasification integrated to
Gas-TurbineCombinedCycle (GTCC); and (ii) Biomas®-SteamTurbine (BST). The
former converts the biomass into fuel gas to the GTCC, while the latter, a mature technology,
converts the biomass heating value into super-prgssure steam (SHPS) for steturbine
expansion in Rankine Cycles. One can, for example, prescribe BST sugaiarafieeries
producing first and secorgkneration bioethanol and still generating power surpluses when
SHPS boilers are employgél]. Dantas et al[8] found that BST hasrgater viability after
comparing three bagasse utilizations in sugartamefineries: (i) BST; (i) biomass

gasification with GTCC; and (iii) secorgkneration ethanol production.

The higher the boiler pressure, the higher the fixed capitastment £Cl, MMUSD) but the
increase in electricity production is even higher. Therefore, -pighsure boilers are
worthwhile [9], but it is not always possible to sell the electricity surplus if facilities are
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located far from demand sitg40]. This high FCI together with the feedstock supply
assurance are the biggest barriers to new projdédfs Moreover, the high number of
uncertain variables seems to repel investd2]. Papadimitriou et al[13] analyzed eight
Greek CHP operating plants showing that only half achieved the-buesikpoint and five

were oversized, i.e., operate far below design capacities.

Using fuzzy logic Njan et al.[14] analyzed actions to mitigate risks in CHP paliin
pyrolysis plants for biail production in Malaysia, wherein risks were classified into
regulatory, financial, technological, supglfiain, business and soc&lvironmental.
Financial incatives to reduce interest rate were found the most impactful actions for risk
reduction, followed by revision of the fedu tariff. The least important factor to risk
management was the increase in-tio demand by replacing fossil fuel utilization.
Moreover, supplychain improvements were found more important than technology and

process improvements.

Regarding carbon management of a CHP plant, the carbon dioxide d@@ent in dry flue

gas of bagasskred boilers is® 12%mol[15], while in a natural gas combinegicle power

plants (NGCC) it is only 4.2%mol increasing to 6.6%mol if flugas recirculation is adopted

[16]. The advantage of flugas recirculation is a higher %mol €@ exhaustgas, increasing

by 0.5% the efficiencyof Carbon Capture and Storage (CG8§]. Even so, the exergy
efficiency of power generation decreases from 53.5% to 44.8% with[CQ,Sndicating the
economic i mpact of CCS icontel(dGagasdeed fllelpasss, t he
beneficial toCCS.

Massive implementation of bioenergy with CCS (BECCS) technologies is considered the best
strategy to limit the increase in the average planetary temperature by a maximum of 1.5 °C by
2100, since BECCS technologies are the only carsmative proceses availablg18].

Gibon et al.[19] performed LifeCycle Assessment of various electricity production
technologies, using renewable sources or not, with/without BECCS/CCS. BECCS solutions
achieved negative net emissions in all scenarios, but had a figkase in resource
utilization as a tradeff. The BECCS potential of sugarcabmrefineries at 1000 t/h of
sugarcane corresponds to 659.6 #®Gn the CHP and only 39.7 t/h in the bioethanol
fermentation stef20], wherethe CQ emission rate is estirted as 700 kgC&MWh for the
bagassdired cogeneration, while for a NGCC it reaches 400 kg@@/h. However, the
Life-Cycle Assessment estimated a Global Warming Potential of o8Bl CQ/MWh
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for district heat and 338 kgCQ/MWh for CHP electricity poduction[21], vis-avis 460
kgCO/MWh when the CHP is a natural gas GT{22].

There are five major operational bioethanol BECCS plants in the world, located in the USA
and Canadd23]. The biggest one stores geologically 1 Mtpa of>@Om cornto-etharol
fermentation, while the other projects inject £f6r enhanced oil recovery (EOR) purposes.
CO: from bioethanol fermentation is the only €&burce in all projects. A UK project in
early development breaks this pattern: the Drax BECCS Project plaapttoe 4.3 Mtpaf

COe from the fluegas of a biomasfBred boiler, with geological storage as destination.

Fuss et al[24] performed a literature review on BECCS costs for bioethanol production
considering different C&sources, finding that it is cheapfor the fermentation Cq40-120
USD/tCQ) than for both fermentation G@nd CHP CQ (180200 USD/tCQ). The reason

is because the fermentation £ almost pure and trivially capturgd5], though it is just
released into the atmosphere in practycall current plants. When BECCS is performed only
in the fluegas from a biomasfired power plant, capture costs of-888 USD/tCQ were
reported, but various capture technologies and power plant configurations were considered in
this range. Assuming gkmical storage as destination, Laude et[26] evaluated the
BECCS potential for the fermentation €@nly and coupled to the CHP G@nding CCS
costs of 86 USD/tC®and 143 USD/tC@respectively, considering a 2050 carbon price of
200 EUR/tCQ for the basecase. The authors claim that the 60,000ancapacity of the
bioethanol biorefinery is the reason behind this poor performance.

The work of de Souza et gJ27] evaluated the integration of CHP with a sugareane
biorefinery, finding that the electricity cost is competitive compared to small systems.
Carminati et al.[6] estimated the Net Present ValudP{) of a sugarcanbiorefinery
with/without BECCS. The econdmperformance of the BECCS biorefinery is even better
than the nofBECCS counterpart, considering some stringent carbarket scenarios
reacting to a high climatehange severity and oil dependence. Guandalini &l studied

the CCS of a biomadsased power plant disclosing a cost estimation model that can be used
to foresee if a new technology performs better than the benchmarkgeobtistion capture

via chemicalabsorption with aqueousonoethanolamine (aquecMEA). It also estimates

the breakeve FCI and Cost of ManufacturingcOM) of a potential new technology attaining

same capture cost of the benchmark aqu&tidd absorption. Authors claim that capture
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technologies requiring mainly heat should be considered first when heat is availabkbeas in
CHP case, due to a lowe€OM.

41.1. The Present Work

Following our previous studies [6], [20] and [25] on onuses and bonuses related to BECCS
implementation in sugarcafimorefineries, this work develops and demonstrates quantitative
tools to estimat&Cl andCOM changes, as well as the carbon capture oalsted to BECCS
implementation in sugarcaimorefineries. Since, for comparison purposes, theBBECS
biorefinery has to be modeled beforehand, this work discloses surrogate models created by
adjusting response surfaces over compekgreriments to ésnate FCI and COM for
installation of a new CHP plant coupled to sugardasioecfinery. The CHP uses BST
technology with/without BECCSThe proposed generlocation model is applied to the
SouthEast Brazilian scenario as one should realize F@tand COM from other regions

may substantially differThe only required inputs are the energy requirements of the
sugarcandiorefinery 7 i.e., mass flowrates of lowressure steam (LPS) and medium
pressure steam (MPS) and bagasse availability. The sugarchimeefinery can be, for
example, a sugar mill or a bioethanol fermentatiatillation plant. Considering typical
steam consumption for sugarcaierefinery with distillery, the=Cl curve against produced
power is presented and compared to the literatame to power auctions in Brazil. The
developed models are used to evaluate the Minimum Steam SetloegMSP, BECCS

costs and carbon capture cost under different scenarios of capacity and market prices. The
scope of this work and the inputs/outputshef developed models are highlighted in Eig.

It is adopted a distinct owner scenario, wherein bagasse is bought from a sugarcane
biorefinery and steam/electricity are sold to it. The price of exported electricity, sold to the
sugarcandiorefinery orto the grid as surplus, is obtained from national auctions. Thus,
BECCS costs are allocated to the CHP plant, allowing comparisons with/without BECCS.
Moreover, this is the first sugarcab®refinery work analyzind-Cl against the capacity of

the bagasséred CHP plant with and without BECCSt is also reported a robust
mass/energy balance model for estimating material/power streams of the HagdsSeiP,
besides bleedteam and net/total power given bagasse maswrdte and energy

requirements.

93



|
T
Electricity |
| 13,5 bar Steam
| 112 bar Steam |
- 1o Bioenergy
Main | 'Biomass “FlucCasy Cabon | |
Biorefinery | residues o
) - apture |
Bi oprloduct | Electricity !
excedent 2c,
aptured CO, |
| g +
Onshore |
Model input | Transport
>Model output - = = — 7 701
Enhanced Oil

Recovery (EOR)

Fig. 4.1. Work scope diagram.

The main advantages of tHeCl surrogate model are its accuracy, compactness and
simplicity, besides the possibility to participate in plant optimizations, where the optimum
capacity of each area is sought. The sugarb@orefinery feasibility for sugar/bioethanol
productions [29] can be surrogated based on sugarcane intake and on the desired
sugar/ethanol allocation. Conceivable novel technological extensions of the sugarcane
biorefinery operating in BECCS modlesuch as production of ethylene/Hom bioethanol

[30] or CO-to-methanol17] to substitute the geological stordgean also be surrogated and
included in the predictive framework developed here to optimize such extended sugarcane
biorefineries. Analogously, other complex bioenergy processes that have BECCS piotential
e.g., anaerobic digestion,"2 generation ethanol fermentation, syng@ethanol anaerobic
fermentation, biomass pyrolysis can be efficiently modeled and optimized with such

strategy of surrogate modeling.

4.2. Methods

The developed method consists of four steps: (i) process f@ivsthevelopment; (ii)
flowsheet simulation in Aspentech portfolio; (iii) factorial 3% design of computational
experiments, leading to 27 flowsheet simulations for the CHP and three for the CCS
configuration, allowing estimatingCl of flowsheets (basgear2018) with Aspen Process
Economic Analyzer (APEA) V11; and (iv) generation of surrogate modelEGbandCOM

based on the sugarcahmrefinery energy requirements and bagasse availability. A surface
response foFCI prediction is proposed, whileOM is evaluated based on Turton et[&l],

for the estimated®CIl. TheFCI model is used in all conducted analyses, including sensitivity

analyses an8ClI curves of the CHP plant for typical Brazilian sugarchiogefineries.
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4.2.1. Process Flowsheet

The CHRCCS flowsheet comprehends three areas: biofir@ssboiler (A10), powehouse
(A20) and CCS plant (A30, if present). The boiler burns bagassethe sugarcane milling
producing SHPS. The powapuse exports heating utilities (LPS/MPS) and electricity from

SHPS. The CCS plant captures and processealdding biorefinery emissions.

In the boiler area in Figl.2, it is considered the Bubbling Fluidized Bed type which offers an
efficient, fuetflexible and coseffective burner for lowgrade biomass with modest heating
value and high humidity/ash contef®2]. The lignocellulosic bagasse stream (1) feeds the
boiler furnaces (HL1). The boiler is also fed with demineralizedter (12), which is pre
heated with fluegas, vaporized and superheated as SHPS in the radiation zone. The boiler
exports SHPS (13) to the powleouse (A20) steasturbines; fluegas (0) to the CCS plant

(or to atmosphere) and ashes to the plantation fidlt}s The boiler also receives primary

(4), secondary (5) and tertiary (6) greated air streams after greating atmospheric air (2)

via heatrecovery (E11) from hot fluegas (8). Coole flue-gas is sent to the electrostatic
precipitator (S11), where particulates (soot) are removed as ashes (11), normally used as
fertilizer. The final fluegas with low particulate content (10) is liberated in the atmosphere or
sent to the CCS unit (A30)

<Super high pressure steam (A20) }4—‘ — Condensate
13 Gases
SAT D ) ———» Steam
— E-11 ©] — Biomass
G:D JI ‘ —» Solid residues
8
A

N
Flue gas 9 ml»\_i H-11 ,,"/Sllgal‘callg,
{(atmosphere \ T2 S . bagasse .
N or A30) -
10
— 6
P ca —1—
1 5
—_— 4
12 7
S-11 '—>| Purges and ashes »

Fig. 4.2. Boiler flowsheet (A10).

The considered powdrouse (A20) in Fig4.3 is the topping cycle, which consists in
electricity generation prior to LPS/MPS generation to fulfill biorefinery denja@f SHPS
(13) feeds a countgressure turbine (M21) with MPS extraction (14). A fraction of the
expanded steam from the backpteegurbine (17) becomes the LPS (18) for process heating

purposes, while the remainder goes to the condensing turbirZ2)XMTlhe lowpressure
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turbine outlet stream (20) is condensed2@ and pumped (R1) to the pressurized
deaerator (M21), which alsareceives process condensates (23) and aerated wateiumake
(24). V-21 is injected with part of the MPS extracted from the cotprtessure turbine (16)
so-called bleeestreami to adjust V21 temperature providing the separation of purged air
(25). Theboiler feed water (26) is pumped by2R.

Super high pressure M-21
steam (A10)
— Condenwte Low pr&ssuré/«
steam

—}Steam

Medium
pressure steam
Condenwte 16 25
from process

Boiler feed
< water (A10) ‘_27

P22

Make-up
water

Fig. 4.3. Powerhouse flowsheet (A20).

4.2.2. Simulation of Process Flowsheets

The flowsheets of CHP and CCS plants are respectively installed in two process simulators,
namely, ASPENPIus® v11 and ASPEMIYSYS® v11. A10 and A20 are simulated using

the ASPEN NRTERK thermodynamic package, whereas the CCS plant uses the HYSYS
Acid-GasAmine PackageBagasse is modeled as cellulose during combustion, where 99.9%
undergoes complete combustion E4414) and 0.1% follows incomplete combustion in Eq.
(4.1b). Enthalpy data of cellulose is adjusted to match its lower heating {latid) of 7.5

MJ/kg (50%w/w moisture). Tablé.1l shows the general simulation assumptions and Table
4.2 lists BaseCase assumptions.

CsH,,Os(bagassp+ 60O - 6 CO+ 5,H (4.1a)
C;H,,Os(bagassp+ 3D - 6CO® 5H (4.1b)

Table 4.1. Processimulation assumptions.

ltem Description Area Assumptions
Dry-bagasse=47.8%w/w; Moisture=50%w/w; Ash=2.2%wi
1~ Bagasse AL Hv=7.5 Mrkg.
2 Combustion Air A10 Excess air: 50%.
Combustion Air _ _
E-11 Heater Al10 Tout— 120 EP—GDbar.
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Item  Description Area Assumptions
H-11 BiomassFired Boiler A10 p:g(? bﬁr; Tstps= 5 2.0 C 3Ash®saa0%; @.¢=1000
C Be=Patm.
S11 Elect_rqstatlc Al10 IsobaricAdiabatic Flash.
recipitator
: Pinle=109 bar; Steam:Bagasse MaBsitio=2.093;

12 Boiler FeedWater  A10 0 oieikg/h)=Bagasse(kg/h)*2.093/0.99.

Extraction Type Isentropic; Adiabatic Efficiencyr=85%;
M-21 Backpressure A20 Mechanical Efficiency?™  =96%; Pextractioi=12 bar;

Turbine PDischarg(,;3.5 bar;
M-22  Condensingrurbi A20 Type Isentropic; Adiabatic Efficiendy=85%;

) ondensingturbine Mechanical Efficiency#,..,=96%; Poischarge=0.1 bar;
E-22 M-22 Condenser A20 [P=0 bar; VaporFraction=0.
P-21 Condenser Pump  A20 Poute=3.55 bar.
23 Condensate A20 Pine=3.5 bar; VaporFraction=0.
24 DemineralizeeWater A20 Air=0.1%w/w; Water=99.9%w/w; Re=3.5 bar; Tinet= 2 5
V-21 Deaerator V21 A20 P=3.5 bar; T=100 °C; Recovery: Water=98%, Air=100%.
P-22  Boiler Pump A20 P°U"®=109 bar. Mechanical Efficiency . =96%;
15+18 Total Steam A20 50% DirectHeating; 50% ShelandTube Exchangers
AqueousMEA ChemicalAbsorption[9] ;
All CCS Plant A30 Solvent: MEA=30%w/w; Water=70%w/w;
CO, CaptureEfficiency: 90%.
Table 4.2. BaseCase Assumptions.

Variable Value Reference
Sugarcane (t/h) 500 [33]
Bagasse:Sugarcane RatiGigesspSugarcany 0.276 [29]
Biorefinery Steam Requirements (RgR™a"5 LPS=429; MPS=36.9 [29]
Biorefinery Power Requirement (KWHPEca§ 28.0 [29]
Power Surplus (KWHit9arcang 83.4 [29]

4.2.3. Design of ComputationaExperiments

A factorial 3% computationaéxperimental design is created with the following factors:

bagasse capacity as(t/h); LPS plus MPS productions as percentage of SHPS production
Y (%); MPS as percentage of LPS plus MPS producd@®). Eq. @.2) defines the factors,

wherem is the mass flowrate of streain(t/h).

X(t/h)=m; Y(%) =100, +m,)/my,; Z(%)=100m/ (m+ m)

4.2)
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Only X affects fluegas (10) flowrate, and consequently, the CCS plant (A30). Therefore,
A30 has only three simulation runs instead of 27. XHevels are 33.75-1), 67.50 (0) and
135.0 (+1); whileY andZ levels are 25%-{), 50% (0) and 75% (+1). Tab¥e3 shows the

planning of computational runs.

Table 4.3. Threelevel, threefactor experimental planning (X,Y,2).

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
-1-1-12 -1-10 -1-11 -1,0/1 -1,0,0 -1,0,1 -1,1-1 -1,1,0 -1,1,1

Run10 Runl1ll Runl1l?2 Runl1l3 Runl1l4 Run1l5 Runl1l6 Runl1l7 Run18
0-1-1 0-1,0 0-1,1 0,011 0,0,0 0,0,1 0,11 0,1,0 0,11

Run19 Run20 Run2l Run22 Run23 Run24 Run25 Run?26 Run?27
1-1-1 1-1,0 1-1,1 1,01 1,0,0 1,0,1 1,171 1,1,0 1,1,1

The response variables of each run compris&@Ii&"" andFCI®CS(2018 Brazil conditions).

FCI is estimated via APEA, after equipment sizing via mass/energy balance results from
simulations. In APEA, the boiler Hi1 is evaluated as an dited erected boiler. APEA is
configured with 32% contingency fétCI°CS [34], and 15% contingency fd&CI°H" since

CHP is a mature technology. The resultié@l is multiplied by the process plant location
factor LF=1.18from Intratec[35] to convert 2018 USACI to 2018 Brazil conditiong=ClI

results from the computationekperimental simulations are used via mmization of the

sum of residue squares for estimation of paramedets ¢, d, &, § in Eq. é.3) and Eq.

(4.4) for predictingFCI®"P and FCICS respectively. In the right hand side of E4.3], the

first term is a costo-capacity function to evaluateCl at different capacitigx) ; the second

term reflects the fact that larger net SHPS flowrate (i.e., discounting LPS+MPS) entails larger
FCI of steamturbines resulting in thé1l- Y / 100’ exponent; and the last term translates the
fact that highX and Y increaseZ relevance. As these models were formulated following

typical FCI behaviors, they have a prediction capacity outside the analyzed range of factors.

FCI® =1.15LF( axX® +cX ¥/ -dX(Y10 ®(Z /100)) (43)

FCI®**=150 4132LF(a*X" ) (44)

COMCHP andCOMCCSare estimated via Eg46) according to Turton et gB1], whereCOL
(MMUSD/a) is the annual cost of labdZRM (MMUSD/a) andCUT (MMUSD/a) represent

annual costs of raumnaterials and utilitiesCOL is independent of capacity, as the number of
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operators typically depends on the number of equipment items and not on their capacities.
(CRM+CUTY"? and CRM+CUTf“Sare respectively caltated by Eq.4.6) and Eq.4.10),

where C,, (USDH), C,, (USD/t), C, (USD/t), andOT (h/a) respectively represent

coolingwater (CW) cost, demineralizedater cost, bagasse cost and annual operation time.

%ﬂsw
Q —- Q
simulation. Eq. 4.7) estimates the COmass flowrate in the flugas. Only FCI has
parameters to be estimated sit@®@M-"P and COMCC® are available via Eq.4(5) once
FCI®HPandFCICSare estimated.

Moreover é and %%0 éare constant ratios obtained from BaseCase

COM = 0.18FCI +3.969COL +1.235(CRM +CU’ (45)

% Am, § M, 3 g
(CRM +CUT)™" =gX g * §1 -Y/100g =* XC, m;,C,, 9T*10° (46)
é%(g X g( & Mo QC +§)

Mooz =
¢ X

4.7)
When a CCS plant exists, the biorefinery energy requirements supplied by the CHP must be
increased, since LPS is required in the aquddb# reboiler and electricityW) is required
to drive CQ compressors for pipeline transportation. LPS consumption\datke estimated
CCS E ccs E

via Egs. 4.8) and 4.9) respectivel ,Wher@ :and : are constant ratios from

gs. 4.8) and 4.9) resp y % X : é@T :
the BaseCase simulation with CC$CI®“Sand COM-“®are obtained via Eq4@) and Eq.
(4.5), where(CRM+CUTY*S comprehends only CW consumption via E4.10), where

ccs *"

&mb EIS another constant ratio frotihhe BaseCase simulation with CCS
G

CCS _ - X CPCSS 8 (4 8)
Mps = ?7 E .

Ayp/CCS €

CCSs %/V E

W+ = XéT E (4.9)
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o
:~CCS

(CRM+ CUT §°° =XQW§7W % OT*10° (4.10)
(!‘ -

LPS, MPS and electricity are CHP products leading to reveM@gover, the captured GO
is monetized considering EOR activity and -@aqttrade regulations (similar to the EU
Emissions Trading Systerf§6]. The BECCS biorefinery considers £€€bld to oil operators
as EOR fluid (e.g., as in the offshore Brazilian-Bedt basin). Indeed, in the P&alt oil
recovery can be as low as 24% (e.g., offshore Campos [Bd$)ncreating a market for the
captured CQ The price of C@to-EOR derivesrom oil price, since up to 4.35 bbl of oil can
be recovered with 1 tGO

4.2.4.SugarcaneBiorefinery Analyzer Framework

The sugarcanbiorefinery analyzer framework (SBAF) starts with Egs3) and 4.4), and
comprehends all forthcoming equations in Sdc®.3/4.2.4/4.2.5. SBAF calculates akCI
and cost terms, revenues, power effects and all critical streams from ¥putZ. To do
this, the first step is to obtaiviandZ from X and LPS/MPS biorefineryequirements. For
example, with Eq.4.2), Y is given via Eq. 4.11a); and consequentlgince its maximum
value is 100%, the minimum feasibkeis obtained via Eq.4(11b). Performing an energy
balance around steaturbines M21 and M22 (Fig.4.3), one can show that the gross power
W" of M-21 and M22 is obtained via Eq4(12), where DIESZ_ gt H 5 -H 4 representshe
difference of specific enthalpies S2 and S1, affd, is the mechanical efficiency of steam
turbines (Table4.1). Therefore, knowing bagasse availabilifX) and the biorefinery
MPS/LPS requirements, one can obtafhvia Eq. @.2) and Yvia Eq. @¢.11a). Terms

DI-II_:SZ_SL are also constants from the BdSase simulation, because the involved

temperatures, pressures and compositions are invariant. The powers of pRthpadPP21
(Fig. 4.3) are obtained via Eg4(L3a) and Eq.4.13b) respectively. The net CHP power""
is obtained subtracting-#2 and P21 powers fromW in Eq. @.14).

8 am. 50
Y = 100 s + rrhps)g(ge%é_ § (4.11a)
¢ T
X o =(M et 0 i 3 g g b
min rnI_PS rnMPS) X N 8 (411 )
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w i %QEB 14t H1E3 17t |-ﬂ719E20 s HD, Eg . - =
s ' ' 2 DRy e oo mE .+ B E)@412
hnl\wnech rnMPS% (Y / 100 )( Z/ 1CD) 13 17 Z / 1m 8 FQG( 13-17 19.2)( )
WP22 s e
hP22 =X %;)(3 gaﬁﬂ- 26 (4133.)
mech ¢ -

WP21 5 %ﬁls *’6 [T}\/I 0 .
- = 0..._ PS A ﬁ

&y 00 Moy M2 21 (4.13b)
hres & EX 27 21100 €60
WEHP = \WM  \WP22 \WP2 (414)

Performing mass and energy balances fordieerator V21 and using previous definitions,
several streams related te21 are calculatedr, via Eq. 4.15); m,, via Eq. 4.16); m,,
via Eq. @.17); m,, via Eq. ¢.18); and finally the bleedteantvia Eq. ¢.19), wheremu,

bb and dh represent, respectivelynakeup percentage (2%), boiler blowdown percentage
(1%) and percentage of MPS+LPS usediesct heat (50%).

. X &n, &

X 415
M6 = (1 bb/100 8 X g 1o
ffy, = (dh /100 ps +1hg (4.16)

S Hr O 1 A ] )

X%n;ég % T 5b7100 -rru/100_§( Mps +Mes)( T dhr/100)

M, = —C X ¢ = (4.17)
1- bb / 100

= x%’,% 8(mu / 100)+m(bb /100’ (4.18)

(; -

%(?lrxs § Myps ~Meps %2 ), Hz% M, "EsE M Hyg Enlg H,
- _C B -
. = (4.19)
° I'Ezz' HlleE

4.2.5. Application of the SugarcaneBiorefinery Analyzer Framework

SBAF starts with the calibratdeC| predictor model, Eq4(3), which estimateECI®HP for a

typical sugarcane biorefinery exporting electricity surplus for a gXeand LPS/MPS
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consumptions, which are converted in term& @ndZ. SBAFT Eqgs. 6.3) to @.19)71 then

estimated\*"P, COMCHP and all critical streams.

The Minimum Steam Sefig-Price (MSP) of the produced steam of the BaSase is
evaluated with/without the CCS plant. For this purpos®P& analysis is performed using
SBAF estimates foFCl, COM and revenueNPVis evaluated via Eq4(20), given the total

steam price and the annual interest (%) rate where t is the project lifetime plus
construction time andCF is the cash flow, which depends on the steam price. As a
simplification, the steam produced is the sum of the mass flowrates of LPS and MPS, and is
referenced hereinafter as Te&team, with only one price. ThMSP is the TotalSteam

price giving NPV = 0 and using the minimal acceptable rate of retdARR as interest

rate in Eq. 4.21). The TotalSteamMSPis evaluated instead of the electricity price due to its

higheruncertainty, since the Brazilian electricity auctions define electricity contracts price.

t CF (Total- Steam Price

NPV( j,Total- Steam Prige =3 . 4.20
(] ()e_g (1+ j/100) (420
NPV( j= MARR,Total- Steam M$P  CR(Total- Steam MSP (4.21)

= (1+ MARR/10)

To evaluate the BECCS cost, the £4voidance codB8] is used. For sake of simplicity, it is
here called Capture Co§CC). CC is readily compared to G@missions tax and represents
its minimum value that incentives carbon capture, when the taxation is applied to both
BECCS and noBECCS biorefinery{38]. A minor modification in the original equation is
required to use it in the proposed scenario. M€ (USD/t) is used instead of the electricity
price, in Egq. 42 2) , wher e ARef erenceod refers t o

CQ, Emission is the ratio (tCO2/f'@Stan of CO, emitted per TotaSteam produced.

( MS Fj:CS - MS FReferenc)

CC= <
CO, Emission&™*"-  CQO Emissiori§®

(4.22)

Table4.4 shows the required information fidPVandMSPanalyses, also used for sensitivity

analyses. Sensitivity analyses are performed for some parameters to evaluate possible feasible

scenarios.
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Table 4.4. BaseCase assumptions for economic analysis.

Parameter Value Reference
Engineering & Construction 1year APEA
Project Lifetime 20 years Assumption
MARR 8% Assumption
Reference Year 2018 Assumption
Bagasse Cost (BRL/t) 59.22 [39]
Operator/Supervisor Wage (USD/month/worker)  2710.4/5789.4 Assumption
2018 BRL/USD 3.6542 Assumption
FCI of 150 km C@Pipeline 150 MMUSD [6]

CW & DemineralizedWater costs G, ,Cpy ) 4.29e8 MMUSD/t Assumption
Electricity Price (average of 2018 Brazilian auctions 188 BRL/MWh [40]

oT 5856 h/a (8 months) [41]
Salvage Value 0% Assumption
COp-t0-EOR 25 USD/t [36]
Cap-andtrade 40 USD/t [36]

The Brazil Process Plant Cost Index from Intratec is used to update the publicly available
2018 Brazilian CHP costs. The values are 323.34 and 165.48 for 2018 and 2010, respectively
[42]. The publicly costs are initially converted to Brazil currency BRentare multiplied by

the ratio of the Index of the desired year by the Index of the original year, and finally, are
converted back to USD in 2018. Moreover, USA BECCS costs are also updated to 2018 and
compared to the results without considering the lon&actor.

4.3. Results
The BaseCase (X =138t/ h,Y =80.565%, Z =7.929) simulation results are shown in

Table4.5 and compared to literature values for validation. Boiler and CHP efficiencies and
Powerto-Heat ratio are within the reported range, wlBienol CQ in the drybasis fluegas

is higher than the theoretical 13.09%0]. This is due to the difference in carbon content
considered for sugarcane bagasse, since it is represented as cellulose in this work. The total
power WP predicted by SBAF is oke to similar literature simulation results, with
divergences of 1%. Regarding the CCS plant, although the same method from a previous
work for coatfired plants[17] was used, a lower value for the reboiler duty was achieved,
due to the higher %mol COin the sugarcanbiorefinery fluegas (14%mol versus
7.69%mol), increasing CQugacity. The CQ@loading and the solvent captu&tio also have

better results than the conventional eplaint CCS for the same reason.
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Table 4 5. BaseCasesimulation results.

Process Variable Unit This study Literature
Boiler Efficiency % 88.9% 69-88%143]
CHP Efficiency % 64.9% 61-73%(43]
CHP Powerto-Heat Ratio - 0.35 0.30.5[43]
Flue-Gas CQ %mol (drybasis) 14.98% 13.07%[15]
Total Power
Generated KWh 56.33 55.7[29]
CCSs Reboiler HeatRatio GICQO 3.612 3.723[17]
with Lean Loading molF°¥moMEA 0.2230 0.2185[17]
Aqueous .
VEA  Solvent Capturdatio  kgSoMerHkg 02 12.89 13.32[17]

The parameters obtained from simulation are shown in Taltle while the adjusted
parameters for th&Cl predictor are shown in Tablg7. The parameters for theCIcHP
predictor Eq. 4.3) are kept constant whether CCS is performed or not. The small average
errors of 1.9% and 0.139% respectively F&@I°"P and FCICCS, together with the respective
correlation coefficients (0.9960 and 0.9911), indicate a good fit oF@igredictor models

over the computationalxperimental data. The scdbtor exponents faFCICHP and FCI¢CS

are 0.5891 and 0.6808 respectively, meaning that the former is more benefited from higher

capacities.

Table 4.6. SBAF coefficients from BaseCasesimulation.

Area Coefficient Value Unit
alfrl& u 0.4694 GJlt
alfls_ - 0.2171 GJht
alfrlg_ 2 0.4583 Ght

chp Dk, . 0.01786 GJlt

(A10 + A20) (ms/ X) 2.093 tt
(Mo / r'nzo)* 63.03 tit
HE, sz,st 130015781531 .
e, HE . -15.71,-14.37,-15.54
(koo ! X) 0.7777 t/t
(mEss/ x) 1.072 tt

CCS (A30) (weess x) 90.50 KWhit
(mEse 1 x) 23.11 Ut
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Table 4.7. Estimated parameters for-CI predictors.

FCICHP (A10+A20) FCICCS(A30)
a b c d a* b*
Estimated value 2.368 0.5891 0.1670 0.03545  3.051 0.6808
Averageabsolute error 1.91% 1.31%
Error range [-4.09%, 3.55%] [-1.7%, 1.8%]
Correlation coefficient 0.9960 0.9911

Fig. 4.4 shows observed (computatiomadperiments) and predictgeCIHP via Eq. @.3),
already considering the contingencies but without CCS. One can seX¥ thahe most
impacting factor ofrCI®HP, which is the same in thed, 1018 and 1927 runs. Furthermore,
factorY is more important tha# since there is a greater displacemenmtdach triad of runs
than inside each one. Factonly plays an important role when highandY are present.
The estimated=CI®"" is within 2530 MMUSD for X=33.75 t/hof bagasse, within 385
MMUSD for X=67.5 t/hand within 5565 MMUSD for X=135 t/h The confidence limits
indicate the range wherein valuesk1°"" with 15% maximum error (Class 4 project) are

located with 95% of probability. If more accurate data is provided, the 95% confidence band

would shrink.
90
80 A Confidence Limit
870 O Experiment Results 66.566.2
g ¢ Model Results Ky 60:1 o
50 1 58.8 6.
2 40 99@4?@5%5 85372
5 288275263555 4195 MK
— 30 EEES -937. 6.4
o OISl o]
201 284265258252
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12345678 9101112131415161718192021222324252627

Fig. 44. Observed and predicted=CI " results (no CCS).

Fig. 4.5 depicts predicted versus obser#€@I“"P for all runs, together with 15% error bars
and without CCS. Points are close to the diagonal, translating a good performance of the
FCICHP predictor.
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Fig. 45. Observed versus predictedCI“HP (A10+A20, no CCS).

Fig. 4.6 depictsFCI®CSversusX, including the investment of a 150 km g@ipeline. It is
notorious thatFCI®®S is considerably higher thaRCI®HP. For example, aX=67.5 t/h of
bagasseFCI®“Sis 206300 MMUSD, while FCI®" is within 3060 MMUSD (Fig. 4.4)
without CCS. The pipelinECI accounts for a good portion #CIC“S, ranging from 50% to
75%; but the higher the capacity, the lower the unitary (i.e., per tCO2) pipeline contribution.
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Fig. 4.6. Observed and predicted=CI““S(A30) versus bagasse capacity.

Table 48 compares sugarcab@refinery FCI®S per capture capacity
(MMUSD/ACOZXaPuredh) with 2018 USA plants. The comparison only considersF@kof
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the CQ capture and compression unit. TREICS predictor of this work is close to the
results of[34], showing divergences of 15% and 10% for capacities of 118 and 379
tCOXauredh - respectively. However, specific values frof@4] are lower than the
counterparts of38]: 1.08 MMUSD/tCOZ2edh against 1.3 MMUSD/tCO%"“¢Jh, even at

high capture capacities of 378.8 tC®2"®d/h and 500.4 tCGZPYed/h, respectively. Fig.

4.7 showsCOMHP with/without CCS andCOM “Sversus simulation run&CICHP increases
considerably with CCS up to 34% in the analyzed scenarios, for the same power output. The
numbers of operators/supervisors are 2/1 for the CHP and 5/1 for the CCS plant, resulting in
COL values of 0.67 MMUSD/a and 1.16 MMUSD/a, respectivelycalh be seen that the
trend of COM“HP is similar to theFCI®HP analogue; i.e., X impacts more tharY , which
impacts more tharZ . The underlying reason is the fact tR&ll is a relevant factor iCOM

with a minimum contribution of 86%; on the other hand, a minor (but not insignificant)
tributary toCOM s COL, the cost of labor.

Table 4.8. FCICSpredictor results versus literature results.

Case Flue-Gas Capacity FCICCS @ Source
%mol CQ MMUSD /
tCOoZapuredh  tCOZapuredh

550 MW Subcritical 12.88% 500.4 1.30 [38]
Pulverized Coal
550 MW Supercritical 12.88% 480.4 1.32 [38]
Pulverized Coal
559 MW NGCC 3.91% 202.1 1.87 [38]
430 MW Subcritical 12.80% 378.8 1.08" [34]
Pulverized Coal
430 MW Subcritical 12.80% 118.0 1.63" [34]
Pulverized Coal
BaseCase 13.98% 96.60 1.51 This work
56.3 MW CHP, X=138 t/h

69 MW CHP, X=169t/h  13.98% 118.0 1.42 This work
118 MW CHP, X=118 t/h 202.1 1.20
221 MW CHP, X=541 t/h 378.7 0.98

(a) Only CQ capture and compression unit: USA values updated to 2018 via Intratec Process Plant Cost
Indexes; (b) Flugas desulfurization unit removed froRCI°H"; Let-down turbine/generator included but
not required in sugarcasi®orefinery CHP.
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Fig. 4.7. COM®HP with/without CCS and COM®“Svs simulated runs.

Fig. 4.8 shows thé=CI°"P behavior (no CCS included) against power exported for a typical
sugarbioethanol sugarcaraorefinery, and its comparison with the literature. The specific
FCICHP (USD/KW) is also shown in the right axis. This time, the fif&@“H" equation does
not dgpend on ¥,2) becausé&CIHP was handled to match a typical biorefinery configuration
requirements; i.e., the change xa does not change the other factor values of the-Base

(Y = 80.5653%, Z= 7.9287y. The FCI"* in Brazil for 500 t/h sugarcane using an 82 bar

boiler was estimated at 126 MMBRL in 20[3B], or a 2018 updated value of 65.6 MMUSD.
Brazilian 2018 electricity auctions gave an average spdeific™" of 4000 BRL/KW with 50

MW of power averagftl]. TheSBAF model agrees with the available public data since they
are within the considered error margin for a preliminary study. However, the speifit”

from electricity auctions in Brazil vary significantly from 1000 BRL/kW to 8000 BRL/kW,
even consideng only the new ventures, because sometimes they are installed next{o a pre
existing plant sharing infrastructure and reducing c§$i3. Even so, the average 2008
specific FCI°HP of 4000 BRL/kW for 50 MW of power averaddl] shows that SBAF
reasonably represents the Brazilian scenario.
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Fig. 4.8. AbsoluteFCI“H? (MMUSD) and specificFCI“HP (USD/kW) of typical
sugar/ethanol biorefineries (Brazil, 2018) and comparison with literature.

The MSP of the BaseCase (no CCS) Tot@8team was found at 11.3 USD/t. Hg9 shows
the composition of the destination of total revenue for the Base without CCS
considering a Totabteam price of 23.7 USD/t. Fig.9 shows that 18.1% of revenues is
destinated to the Return of InvestmdROI) in order to achieve the investmeMARR,

which is obviously the most important revenue destination aftermraterials (basically
sugacane) compromising 27.5% of revenues. The smallest revenue destinatGL,s
accounting only for 2.6% of revenues.

Specific Taxes P
2.8%
46% -

Utilities
4.0%

Indirect Fixed Cos
14 4%

Ad Fixed Cost
16.1%

aintenance
12.5%

Fig. 4.9. Revenue destination: Bas€ase (no CCS).

Fig. 4.10 shows ongimensionalMSP sensitivity analyses regarding changes in parameters
and factors (i.e, considering one parameter at a time). Bagass®assCase=11 USDIjt
electricity price BaseCase=51.45 USD/MWh bagasse capacityBéseCase=138 t/l
Capacity Factor RaseCase=100%), OT (BaseCase=5856 h/p and FCI‘"P (Base
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Case=58.72 MMUSP were varied by +50%, except for the Capacity factor, which was
varied from-50% to 0%. One can see that an increase in electricity price has a higher effect
on MSP than a decrease in bagasse cost, 5.1 USD/t against 7.3 USD/t for a 50% change. An
increase in CHP capacity is only recommended when there is a real demand for the extra
power generated, sinddSP sensitivity to the Capacity Factor is the greatest among the
analyzed parameters. For example, a capacity increase from th€&8=es¢o 207 t/h bagasse
capacity decreases tidSP from 11.1 to 8.8 USD/t; but if the Capacity Fact®@D% lower,

it can double théVSP. The decrease iRCIHP i e.g., CHP sharing some infrastructure or
revamping an existing plafitcan have a great&SPimpact. For each MMUSD saved in
FCI®HP aMSPdecrease of 0.22 USD/t is achieved. Moreover, somesptann alternative
biomass fuels in the offeason to increase its yeafl, reducing MSP to 6.5 USD/t for

CHP plants available all over the year.
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Fig. 4.10. BaseCase (no CCS): TotalSteamMSP sensitivity to changes in electricity
price, bagasse price, bagasse capacity, capacity fact@T and FCICHP,

For the Bas&€Case with CCS, the increase of LPS requirement due to the strippingtieat
in the postcombustion aqueotlEA plant is estimated as 157.4 t/h. Thus, the bagasse
requirement increases 57.7 t/h to keep the same power output NB8)3 The nev

requirement values of bagasse, LPS, and MPS (respectively 195.7 t/h, 371.7 t/h and 18.45 t/h)
result inX =195.7t/ h,Y =95.2%, Z =4.7.

The captured C@of 96.6 t/h represents 90% of the original Ggnitted and 63.5% of the

actual CQ produced, since thers an increase in the bagasse requirement and, consequently,
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in the CQ produced (152.2 t/h). The G@xportation revenue is 36.8 MMUSD/a, wherein
38.5% is for EOR purposes and the remainder for-&@wplrade market. The gross CHP
produced power is 75.9 MWyith a net value of 56.28 MW, discounting the power of,CO
pump and compressors. This CHP net power with CCS is practically equal to the CHP net
power without CCS (56.33 MW). The neRCI®"P with CCS is 71.8 MMUSD, a 22.3%
increase over the Baggase without CCS, whilECI®CSreaches 256 MMUSD, wherein the

CO; pipeline accounts fo? 60% of FCI®CS Table4.9 compares both scenarios in terms of

technical and economic metrics.

Table 4.9. Comparison of CHP performances with/without CCS.

Variable No CCS With CCS

Inputs (LPS(t/h); MPS(t/h); X(t/h)) 214.3; 18.45138.0 371.7; 18.45; 195.71
Y (%); Z(%) 80.6%; 7.93% 95.2%; 4.73%
FCICHP+FCICCS(MMUSD) 58.7+0 71.8+256

COMEHP (MMUSDYy) 25.0 95.4

COueGas(t/n) 107.3 152.2

COCapwred(t/h) 0 96.6

CCS Efficiency (%) 0% 63.5%

WEHP(MW) 56.3 56.3

In theBaseCase with CCS, considering the £€@venue, the€CCis 262 USD/tCQ, perfectly
within the literature range 8388 USD/tCQ, while the MSP is 69.5 USD/t. TheCC
proximity to the upper limit has probably to do with the technology chosen; namely, post
combustion capture with 30%w/w aqueddgA, while the lower limit is normally
associated to oxfuel technologie$24]. This is also the increase of total revenue thast

be fulfilled to pay for CCS operations while keeping the shlfR¥ of the BaseCase without
CCS; otherwise, th&lPV would become negative in 647 MMUSD, considering the steam
value of 11.3 USD/t. Figd.11 shows the composition of the total revenue destination for the
BaseCase with CCS. The main difference from the B@sse without CCS (Figt.10) is the
increase in the Specific ROI composition (18.1% to 28.3%) to achieWdAlRR, due to a
higherFCI (FCIC"P+FCIC©9), resulting in highe€COM as well.
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Fig. 4.11. Revenue destination: Bas€ase with CCS.

Sensitivity analyses were performed for tB€ of the BaseCase with CCS by means of
+50% variations on the following itemBCI°HP, CO, revenues (capndtrade and C@to-

EOR), OT, electricity price and bagasse capacity without C@S88 t/h in the Bas€ase

without CCS, even if extra bagasse is reegiito perform CCS, since this is an input to
SBAF model and the total bagasse is adjusted to give the same power output. To perform the
sensitivity analysis, the following procedure is used: (i) run SBAF without CCS at the new
perturbed condition (ignorinchanges ifFCICHP or in CQ revenue, if they are the perturbed
factors); (ii) evaluate and record the Te&eamMSP, (iii) run SBAF for the new perturbed
condition with CCS and adjusX to achieve the same power output; (iv) estimate the new

MSP, (v) evaluateCC; (vi) repeat for all perturbed conditions.

Results of sensitivity analyses are shown in Big2. CHP with CCS is only economically
advantageous in the event of carbon taxa@®B80 USD/tCQ [6]) under extreme conditions
(as in a totaFCI lower than 240 MMUSD) resulting i€C=50 USD/ACQ. CC has a low
sensitivity to CQ revenues of 3.3 USD/tCQor each MMUSD/a increasedeg., for a 100%
increase of C@revenues, other factors unchang&{; would still be 141 USD/tC® OT
and bagasse capacity can also contribute to feasitalig0% increase in bagasse capacity
reducesCC to 179.4 USD/tCQ while reaching 139.7 USD/t for 50@T increase.CC is
insensitive to electricity price because Teba¢am MSP changes to counterbalance

electricity price changes, maintaining total revenue constant.
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Fig. 4.12. BaseCase with CCCS: Capture Cost sensitivity to changes iRCICHP, COz
revenues, bagasse capacity without CCS, electricity price argai.

A combination of changes e20% inFCI®HP, +25% in CQ revenue, +20% i®T and +50%

in bagasse capacity all of them plausible changes in the skeri i result in

CC=78.5USD/ tCQ starting to be more advantageous than a taxation of 80 USP/tCO

However, the actual case is far from feasible and capturing onifro@ the fermentation
step should be considered first as a BECCS option. Moreover, considering 378.8 t/h of CO
capture andDT=8000 h/a(i.e., like any conventional power plant},C becomes only 17.2
USD/tCQG. This shows that the am drawback of the sugarcahmrefinery enterprise is its
low agriculturatbased capacity and the consequent @iy resulting in a high downtime of

an expensive BECCS plant.

4.4. Conclusionsfor Capter 4

This work analyzed investments in CHP unitstpply heat and power to typical Brazilian
sugarcaniorefineries with/without CCS. A robust Sugarca#Bierefinery Analyzer
Framework (SBAF) was developed to assist in sugarbavefinery BECCS decision
making. SBAF solves CHP/CCS mamsergy balancessimultaneously estimating net
electricity exportation, C@emissions, C@revenues, besid&OMHP and COMCCStogether

with surface response models B€I°H" and FCI®®S With SBAF it is possible to predict
FCICHP FCI®S COMC"P and COMCCS of both scenarios (with or without CCS) in a simple
way, regarding only bagasse availability and LPS/MPS requirements. The average errors of
FCICHP and FCI®“*models against the observed values were 1.9% and 1.3% with correlation
coefficients of 0.996 and).991, respectively. When SBAF is used to calculate the
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requirements of a typical ethanol/sugar sugardaoeefinery with electricity surplus, its

results are compatible with the Brazilian auctions and with literature data.

The CHP capacity in terms ofabasse consumption is the most important input factor in
FCICHP, followed by the SHPS percentag¥) (converted into MPS/LPS, while the less

important factor is the SHPS percentage converted into MPS anddiéssd. The decision

to invest in a BECCS sugamebiorefinery, under constant electricity exportation, can

increaseFCI®"P as high as 34%, while also similarly increasi@@M-"" fueled by its

dependency ofCI°HP, which responds for more than 40%@®M"P, The FCICCS by its

turn, has the pipeline westment as its biggest burden, which accounts for more than 50% of

FCICCS while FCICCSis, at least, 4 times higher th&CI°"" without CCS. These values

evince a certain lack of viability, due to a considerable increase in investment and costs, but

deprived of a proper revenue increase from the capturedi@o its low commercial value

of at most 100 USD/tC®OTherefore, BECC$ not yet feasible.

The CC of the BaseCase with CCS is estimated as 262 USDAGAXhin the literature range

88-288 USD/tCQ. Sensitivity analyses were performed and almost all perturbed scenarios

resulted inCC within the literature range. Such anagsshow thatCC can drop to 50

USD/CQ if FCICH+FCIC“Sreduce by 50%, the most sensible factor. A further combination

of factor changes can redu@C to less than 80 USD/tGOMoreover, assumin@T and

capture capacity typical of conventional power pldatgls toCC of only 17.2 USD/tCQ,

showing that they represent the biggest challenges for BECCS sughiaaimeries.
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5. UPGRADING EXERGY UTILIZATION AND SUSTAINABILITY VIA
SUPERSONICSEPARATORS: OFFSHORE PROCESSING OF
CARBONATED NATURAL GAS

This chapter is published as an article in Journal of Cleaner Production

WIESBERG, |I. L; Arinelli, L. O.; ARAUJO, O. Q. F.; DE MEDEIROS, J. L. Upgrading
Exergy Utilization andSustainability via Supersonic Separators: Offshore Processing of
Carbonated Natural Gas. Journal of Cleaner Production, 310, 127524, 2021.

Abstract

Offshore processing of natural gas with 44%mol carbon dioxide at remotenvdéspoit

andgas fields is inariably characterized by loefficiency power generation via géised
turbines releasing hot flugas and entailing high degradation of resources, high carbon
emissions and low sustainability. This work demonstrates how to upgrade exergy utilization
and onsequently process sustainability by using supersonic separators in some gas
processing steps; namely: (i) water deaint adjustment; (ii) hydrocarbon dewoint
adjustment; and (iii) carbon dioxide abatement to 20%mol. To accomplish this, the exergy
performance of two supersonic separator gas processing alternatives are compared with
conventional gas processing comprising triethylglyeol absorption for water depoint
adjustment, Joul@homson expansion hydrocarbon dpuint adjustment and membrane
pemeation carbon dioxide removal. Since exergy is measured relatively to a reference
environmental reservoir, two such reference reservoirs are usediRE&hdard atmosphere

with 2%mol water containing hydrocarbons at combustion chemical equilibriumaivith
species; and RER: latm watesaturated raw natural gas in equilibrium with liquid water.
AspenHYSYS simulations are used to solve mass/energy balances and thermodynamic
property calculations. With RER the conventional gas processing conserves’6®the

inlet exergy, while the two alternative supersonic separator processes attain 66.5% and 72.4%

of exergy conservation, proving the associate gains of exergy efficiency and sustainability.

Keywords
Exergy Analysis; Natural Gas Conditioning; Supeis&eparator; COBch Natural Gas;
Exergy Sustainability.
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Abbreviations

CO, Carbon Dioxide; C3+ Propane and Heavier Hydrocarbons; CW CeWlatgr; EOR
Enhanced Oil Recovery; GT Gasirbine; HCDPA Hydrocarbon DeWoint Adjustment; JT
JouleThomson; LTX LowTemperature Separator; MP Membrdfermeation; NG Natural
Gas; NGL NaturalGas Liquids;PHW PressurizegHot-Water; RER Reference Environment
Reservoir; SS Supersonic Separator; TEG Triethytfgeol; WDPA Water DewPoint

Adjustment

Nomenclature
B
Fi
D

H

Kj

nc, nfs, nps
nwi, nwe
Ma

<s"dnAOT

Greek Symbols
Ub

Mk

h,f

ng

Exergy flowrate (MW)

jih feed flowrate Kmol/s)

Diameter (m)

Molar enthalpy (MJ/kmol)

j" product flowrate (kmol/s)

Numbers of components/feeds/products
Numbers of imported/exported powers
Mach Number

Pressure (bar)

Ideal gas constant R=8.314*Pbar.n¥/mol.K
Molar entropy (MJ/kmol.K)
Temperature (K)

ShaftPower (MW)

Molar fraction

SS converging and diverging wall ang(dsgrees)
Chemical potential of'kspecies (MJ/kmol)
Exergy and adiabatic efficiencies

Entropy creation rate (MW/K)

Superscripts, Subscripts

0

EXP, CMP
in, in.total
out, out.total
M

Shock

Reference state

Expansion, Compression

Inlet, Total Inlet

Outlet, Total Outlet

Rate of property M (M/s)
Justbeforenormatshockand-condensatavithdrawal
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5.1. Introduction

Natural Gas (NG) is the fossil fuel thateispected to have the highest rise until 2050 of 1.1%
per year, while the share of petroledased liquid fuels, the most used source of energy,
should fall (EIA, 2019). The high competitiveness of NG is supported by its abundant
resources and increasingoduction (EIA, 2017), some still in the early stage of development
and production, as NG hydrate (Chong et al., 2016) and associated gas in Brazitaitt Pre
deepwater fields. Moreover, the advantage of the NG expansion is that it has the lowest ratio
of carbon dioxide (C@) emission per generated energy among the fossil fuels (EIA, 2016),
resulting in the cleanest combustion. Since NG will still play a significant role in this century,
it is of central importance to increase the efficiency of its exptmraand production,
especially at new remote offshore fields which are invariably characterized #sffioi@ncy

power generation via gdsed turbines releasing hot fltgeas and entailing high degradation

of resources, high carbon emissions and lowasuahility. This is crucial because @hd

gas offshore rigs operate with significant environmental impact, emittinga@® CH from

onsite power generation, flare systems and processing facilities. Besides, these effects are
even more impacting at gfarm endlife conditions (Nguyen et al., 2014). Thus, new
offshore processing configurations must be developed for better utilization of resources in

order to satisfy the growing NG demand and global sustainability needs.
5.1.1. Offshore Conditioning of GD2-Rich Natural Gas

Besides thegglobal NG expansion, the exploration and production of offshoranoiyas
fields with high gago-oil ratio and high C@content is increasing substantially, in spite of its
lower methane content that imposes several technical issues for its utilizatobn
conditioning. This is the case of Brazilian FSalt deepwater oilandgas fields,
characterized by C{rontents as high as 79%mol and-g&sil ratios around 20,000 scf/bbl
(Gaffney et al., 2010). Besides the harder exploitation of-dexer fields, the treatment of

this type of raw NG is also complex due to the high number of required units for its
conditioning, together with the limitations of area and weight in deser offshore rigs
(Pinto et al., 2014). A typical offshore platform in Gulf Bfexico or North Sea fields
requires only Water Desoint Adjustment (WDPA) because of the higiality NG, and the

rest of the conditioning process can be performed onshore (Botham, 2005). WDPA is
mandatory to prevent corrosion and hydrates formationctwimakes water the most

undesirable NG contaminant (Santos et al., 2017). In a highly carbonated NG, however, the
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WDPA is even more crucial due to higher corrosion issues andgiPates (Gandhidasan et
al., 2001).

The biggest challenge for offshore prssig of highly carbonated NG, however, is to proper
allocate the Cg avoiding emission to atmosphere. This is a recent issue; not long ago, the
gas would be fully burned in giant flares emitting indescribable amounts eft€Cthe
atmosphere, since thekgas total prioritization to oil production in offshore -aidgas

enterprises (Araujo et al., 2017).

Treating highly carbonated NG at offshore rigs requires huger€@oval units, but has the
advantage of maintaining the reservoir pressure if the @pt€Q is reinjected, a
destination known as Enhanced Oil Recovery (EOR). Performing EOR in the early stage of
the exploitation has significant economic benefits, including more economically viable oil
recovery and accelerated opportunities for.G@rag (Malone et al., 2014). In the P&alt

fields, CQ-rich NG conditioning comprises WDPA, seconded by HCDPA for propane and
heavier alkanes (CBremoval and finally C@removal (de Melo et al., 2019). Henceforth,
offshore CQ-rich NG conditioning is struared as WDPA+HCDPA+Cg&removal, and the
denomination of the process at hand results from replacing each processing step by the name
of the technology performing it (e.g., TEG+JT+MP, wherein the abbreviations stand for
triethyleneglycol absorption WDPA, aule Thomson expansion HCDPA and membrane

permeation C@removal), except when a single unit can perform both WDPA and HCDPA.
5.1.2. Supersonic Separator and Energy Efficiency of Offshore Gaand-Oil Rigs

Diverse ways to increase the efficiencyodfandgas offshore platforms are analyzed in the
literature, including deepvater utilization as primary cooling (Cruz et al., 2018) and electric
integration of the platform to the onshore grid (Nguyen et al., 2016). The power production
from hot fluegas in the gadurbine area, with a Waste Heat Recovery Unit, can be also
optimized via multiobjective formulations considering air bottoming cycle (Pierobon and
Haglind, 2014), organic cycle (Pierobon et al., 2013) and steam bottoming cycle (Nguyen et
al., 2014) configurations. The optimization of the gabine area results in fughs savings,

consequently, increasing NG exportation.

The supersonic separator (SS) is a novel technology for removal of heavy species from a gas
stream via condensation andigimg promoted within a supersonic flow. SS consists of a

convergingdiverging Laval nozzle, a liquid collector and an eneiiffuser. Its advantages
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over the Jouldhomson expansion valve comprise its nearly isentropic Laval expansion and
the pressureecovery promoted by the normal shock and the subsequent ahffiursgr
reducing the heabbss and lowering the power demand; i.e., pressure drop is the driving
force for the separation (Yang et al., 2014). The Laval expansion generates a deep
temperaturedrop, condensing heavy species as a mist that is directed to the walls by the
centrifugal field and caught in the liquid collector. Brigagao et al. (2020) performed exergy
analysis of a new air preurification unit with a lowpressure SS and found that SS
utilization cuts 70% of the exergy destruction of the conventional process.

SS for NG processing including G@moval and/or simultaneous WDPA/HCDPA is well
documented in the literature. Alfyorov et al. (2005) affirms that SS NG processing requires
10%20% less compressor power and gives bettef @®overy than the JT valve
counterpart. Moreover, the investment return benefits of a SS performing WDPA/HCDPA
were already demonstrated for ordinary NG (Machado et al., 2012) and fericBONG
(Arinelli et d., 2017). Arinelli et al. (2017) also successfully reported.G@moval
performed by SS wherein the @Content of a C@rich NG was reduced from 44%mol to
21.85%mol, entailing lower compression power when compared to MermBeaneation

(MP) units execuhg the same service. This occurs due to the replacement ef CO
compressors by CQump for the SS liquid condensate, and to the pressaovery of the

treated gas in the SS.

In the conventional offshore processing of £©0h NG, CQ is removed via MPand the
WDPA and HCDPA are performed via Triethyleglgcol (TEG) absorption and Joule
Thomson (JT) expansion, respectivélyhe secalled TEG+JT+MP route. The use of a SS
unit for simultaneous WDPA/HCDPA creates thecaled SS+MP route; and the use of
another SS for C&removali the secalled SS+SS route have also been studied for &O

rich NG conditioning (Arinelli et al., 2019). Arinelli et al. (2019) claim that the SS+SS
process has better technical, environmental and econpenformances for Cg&rich NG
conditioning when compared to TEG+JT+MP and to SS+MP analogous configurations.
Moreover, Melo et al. (2019) analyzed the SS+SS alternative against a conventional route
prescribing molecular sieve (MS) for WDRAthe secalled MS+JT+MP configuratiofi for
ultrarich CO; NG. It was found that the SS+SS route has a net present value 33% higher
with a 10% lower fixed capital investment. Aradjo et al. (2017) compared the sustainability
of NG conditioning alternatives of a G@ich NG by means of energy, economic and
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footprint metrics. The authors support that 0@®moval using Chemicabsorption with
methyldiethanolamine and piperazine has the best performance on technical, economic,

environmental and footprint grounds, but did analyze any S®ased configuration.
5.1.3. Exergy Analysis of Offshore Gasnd-Oil Rigs

The literature has studies on Exergy Analysis of offshor@mdigas platforms aiming at
performance investigation and optimization. The exergy flowrate is a therarmityn
property that represents the maximum power obtainable by a stream, when it reaches the
equilibrium with a given reference environment reservoir (RER). In this context, there is the
perception that compressors represent the lion share of all exetgyyddsin offshore gas
conditioning (Voldsund et al., 2014). When the entire offshore rig is considered, combustors
in the power generation area and the production manifold are also important exergy sinks
(Nguyen et al., 2013). Exergy analysis of a typictishore platform was also performed
throughout the projedife time, with the conclusion that the compression system efficiency

is even lower at the final stages of the campaign, due to recirculation of compressed gas as

antisurge strategy (Gallo et.aR017).

Given that the RER for exergy analysis is arbitrarily chosen, a bad selection can mask the
inefficiency of unit operations by inflating the exergy flowrate of inlet/outlet streams
(Teixeira et al., 2016). Therefore, it is of good practice toaideast two different RERs in

exergy analyses to avoid blind spots (Brigagéo et al., 2020). Exergy analysis of a North Sea
platform executing WDPA unveiled that only 61%% of the exergy flowrate was destructed

(Nguyen et al., 2013), probably evincindpad RER selection. Consequently, it is a common
practice to define wvariations of t he exer
Baccanelli et al. (2016) used the functional efficiency in -guassure distillation columns

for CO; removal from a C@rich NG and found an efficiency of 56.52%, against 99.04% for

d. Ghannadzadeh et al. (2012) wused the ratio
equi pment irreversibility, while d@ attained
is usial to perform exergy analysis with reference tables of pure substances to emulate the
RER (Szargut, 1989). This approach should be avoided due to inconsistences in its

formulation that could even give negative exergy flowrates (Gaudreau et al., 2012).

51.4. The Present Work
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Besides techneconomic and environmental analyses of offshore-@® NG processing,
exergy analysis is necessary to evaluate efficiency gains promoted by the SS+SS alternative
compared to the SBIP and conventional routes. Thisassubject still unexplored in the SS

and NG literatures. To the authors knowledge, this work is the first to perform complete
exergy analysis of offshore conditioning of &h NG €45%mol CQ) to compare the
conventional and the Si&ased processing cagiirations. The efficiency impacts of NG
processing in the gdsrbines for power production are also analyzed. Moreover,
counterpointing the tendency of stipulating ad hoc empirical exergy efficiency metrics, this
work adopts the original and thermodynaaily ballasted strategy of selecting the
appropriate RER that best discriminates unit inefficiencies. The exergy results allow
constructing Sankey diagrams of exergy flows throughout the system in order to prove that
SS+SS gas processing has the bestggxeonservation and highest exergy efficiency. Fig.

5.1 sketches the analyzed configuration§EG+JT+MP, SS+MP, SS+SS. In SS+SS tfle 1

SS unit (S&l) performs WDPA/HCDPA, replacing TEG+JT units of a conventional rig,
while the 29SS unit (S&) remove<O, from NG, replacing the MP unit.

CO,-Rich Natural Gas

Water Dew Point | Hydrocarbon Dew CO, removal
Adjustment Point Adjustment :
TEGHIT+MP
> Chemical
g ;i - : ane Q
Absorption & Toule —> Membla.ne n O Export
with TEG Thomson Permeation ol
SS+MP R g 7'y
Supersonic Separator-1 = Membrqne > é
Permeation = v
SS+SS | s G
" . Supersonic Q as
oy narator- = ‘bine
Supersonic ?epalatm 1 —lb Separator-2 = Turbines
Power

Fig. 5.1. Offshore processing routes for C@rich NG: TEG+JT+MP, SS+MP, SS+SS.

5.2. Methods

AspenrHYSYS® process simulation solves mass/energy balances providing the
thermodynamic properties to evaluate exeffgws allowing performing exergy analysis of
units and the overall process. HYSYS implementation of the -Reibgison Equatioiof-

State (PREOS) is used in the whole process, excepting in the TEG dehydration unit, which
uses the HYSYS glycgdackage as thmodynamic model.
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Since MP and SS are not present in HYSYS as operation units, the respective simulations and
designs are performed withlP-UOE and SSJOE unit operation extensions previously
developed(Arinelli et al., 2017). SSJOE uses rigorous multipka sound speed via
multiphaseequilibrium provided by another HYSYS unit operation extension-BEE (de
Medeiros et al., 2017)he inputs for SSRJOE are the maximum Mach number attained at

the Laval endN1a>"°% and SS parameters: inlet and outlet di@mse(D, , D, ), converging

and diverging wall anglesU(,),band the adiabatic efficiencies of SS expansion and
compression steps€xs%,/icmp%). The SS feed stream must be defined at equilibrium
stagnated conditions in the simulation. The-M®E inputs are the retentate and permeate
outlet pressures, MP area and feed temperature, pressure and composition. MP permeances
for COp-rich NG were cabrated using real MP operation data (Arinelli et al., 2017). The
differences of fugacities between retentate and permeate are the MP driving forces for all

components.

Data manipulation for exergy analysis is performed with Microsoft Excel and only lzaic d
of the stream$ i.e., molar enthalpy, entropy and component fldvese required. There is no

need for thirdparty software or reference exergy tables.
5.2.1. Process description

The offshore processing produces NG with WB¥2C (1.01 bar), HCDP<0°@5bar) and
Coa20%mol , sufficient t durbme (GT) sarea (Ariaedli etfal, e | i
2017) and for exportation to land facilities. The 00n t h e r 44%moNaad thes a
removed CQ is injected in the reservoir for EOREig. 5.2 depicts the gas processing
flowsheets for all three configurations (TEG+JT+MP, SS+SS and SS+MP).

In TEGHJT+MP 11.3MMSm3/d of watesaturated NG (Stream 1) at 40°C is compressed
from 25 to 65 bar prior to WDPAwith TEG absorption (ToweiTl). The raw gas
composition (%mol) is:CHs=49.82%, CGHe=2.989%, GHs=1.993%, iGH105=0.2989%,
C4H10=0.1993%, iIGH106=0.1993%, nNGH12=0.09964%, @H14=0.09964%,
C7H16=0.04982%, GH16=0.02989%, @H20=0.009964%, @oH22=0.009964%, HO=0.36%,
C(,=43.84%. TEG is regeneratedTR) and recirculated to the absorber after mage
(stream 8), while the drgas (stream 7) is sent to HCDPA through JT expansion, condensing
C3+ and producing NG liquids NGL (stream 22). NG conditigns completed via MP GO
removal to 20%mol in the final NG. The captured -C&and the decarbonated NG are
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compressed in -4taged and in -8taged compression trainKk2 and K3) to 450bar and

200bar, respectively, generating product streasend26.

TEG+HIT+MP -:
|
|

26 :
|
|

_—
All |
4, |
+
4 36 |
@.
- 8 —cold hot— |
5 i 35 |
3 S
é: | == Pressurized Hot Water |
«20 2 3 | == Cooling water
¢ ! = Electricity |
(a) SS+MP B n-staged intercooled |
L (b) S§+5S compression train |

Fig.5.2. TEG+JT+MP, SS+MP and SS+SS flowsheets for offshore processing of &@h
NG.

The first step of SS+MP and SS+SS is the same compression of raw NG to(&idelaan 2)
prior to performing WDPA/HCDPA in 6 paralleled SS uni&S(), producing a twephase
condensate (strearB) with water and C3+ hydrocarbons. A heated tbswnperature
Separatorl(TX) receives the ejected condensate at 1°C to prevetydaate foamation. The
LTX produces water and NGL as bottoms at 20°C and a togatipivhich is added to the
SS1 lean gas. The second half of SS+MP is identical to the MP part of TEG+JT+MP.

In SS+SS the treated gas from SS1 is compressed to 85bar and feeds datteondf 6
paralleled SS unitsSG2 wherein CQ is removed as condensate (stream 6). @@hoval in
SS+SS is limited by the minimum temperature to avoid €€ezeout inside SS2, which is
defined by the choseMaS" The exported COstream and the treated NG are compressed

in two separated-&8aged compression trains3 andK4).
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The coolingwater (CW) circuit in all configurations uses seawater at 28&€am33) to cool

down the hot CW (streail) from 45°C to 30°C (streal®?), producing a seawater effluent at
35°C (strean34). PressurizedHot-Water (PHW, strearib) is generated in the gdisrbine area

at 210°C with GT hot flugias and used as heating utility, cooling down to 150°C in the process
(stream36) and returning tthe GT area.

A fraction of the treated NG (strea?d) becomes fuefjas (FG) to the GT area power the
platform in all configurations, as shown in Fi§.3. Atmospheric air (streadl) is
compressed and feeds the combudiil) with fuelgas (strean24). Hot combustion gases
pass through the GT expander generating gi@after to drive the electrigenerator. The
expanded gas is the lepressure hot flugas (streamd2) that heats the required PHW
flowrate (streanB6). The resulting, still hot, flugas is emitted into the atmosphere (stream
43). Table 5.1 presents definitions and assumptions & tinits that compose the gas

processing and power producing areas of a typicaraligas offshore rig.

R1
—24—3[><}——> Combustion

Chamber l/

Air Gas
Compressor Turbine

Generator
AC1 GT1
42
41
|
—36 35—
E1
43
+

Fig. 5.3. Flowsheet of a GT element in the gasirbine area.

Table 5.1. Definitions for simulation.

Equipment Definitions

Tower$ T1: P=65bar, 10staged; T2: P=1bar, Staged, Te°"®=200°C.

MPUnits Countercurrent SpiraWound Singlestage;
Retentate: P'*'=47bar; P°'"=46bar; Permeate: P'"=1bar.

JT Unit PNlet=g4bar; P°U"=48bar.

SS Units SS1: 6 SS, ME=1.5, Aexp%=hcmp%=100%, D=76.2mm, @=48mm,a=15°, b=2.75°,
SS2: 6 SS, ME°1.6, Aexp%=hcmp%=100%, D=76.2mm, @=48mm,a=15°, b=2.75°,

CompressorsAdiabatic Efficiency: 75%; Intercoolers¥'®=35°C; OP=0.5 bar.

GT Area GT Model: SiemenSGTFA35; GT UnitMaximum Shaft Power: 35MW;
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Equipment Definitions

GT Expander Adiabatic Efficiency: 90%;
GT Air Compressor Adiabatic Efficiency: 84%
Number of GTs: TEG+JT+MP=3; SS+MP=3; SS+SS=2;
Expanded Flugsas: T"¢G3=500°C (defining air flowrate);
Combustion Air: Tabl®.2.

Background Powefackaround1 5w

Consumptior

#Theoretical stages.

5.2.2. Exergy Flows

Eq. 6.1a) and Eq.H.1b) evaluate the total inlet/outlet exergy flon8 (Ota,, ) of a

out, total

steadystate system (Cruz et al., 2020) wh&g, B, stand for inlet/outlet exergy flowrates

of materia%streams;l'iw, 80th represent inlet/outlet total powers, evaluated by the summation
of terms Wj‘mpo”ed,\/\{eXpo”e‘on the righthand side; nfs/nps are the numbers of

feed/product streamsawi/ nwe are the numbers of puweork streams imported/exported,

and Fj /Kj are the molar flowrates of the imported/exported strgarithe molar Enthalpy,
molar Entropy and molar fraction of the componénof the streami, H,, S, vy, are
imported from HYSYS, while the chemical potentials of species in the considered BER (

and T, come from RER calculations in the next section.

|n total +3N a % -IE)'_% . a?? MF] g é\'ﬁ{?ﬂported (518.)
£ -] F
. +BN nps %_ _ n(i. g nwe ¢ peported
Bout total — out out ai K jH K -E_Sq ) g’i X Ki O 1:&"‘?( (Slb)
1= -~

Eq. 6.2) calculates the exergiestruction rate (MW) of a systenDB) as the difference of

W’LOST

inlet and outlet exergy flowsDB should be equal to the rate of lost wo , in EQ.

(5.3), where 144 is the rate of entropy creation in the Universe due to system operation. The

exergy efficiencyd ( )% defined as00*B /B This is the exergy framework used

out, total in, total

by Wiesberg et al. (2019), Brigag@&b al. (2020) and Cruz et al. (2020) to perform exergy
analyses of, respectively, methanol production from,G prepurification SS route, and

exergy comparison of compressor systems in offshore rigs.
DB=(By ) By B (52)
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WOST =1 g (5.3)

Exergy analysis is performed for each unit independently. In a second stage, the overall gas
processing plant (i.e., separations, exchangers, pumps and compressors) is considered as the
analyzed system; and in a third stage, theséficient plant compsing the gas processing

plant and the power production GT area is the analyzed system. Each analysis consists of

B

out, total ?

evaluatingB DB and then comparingB with WSTto check consistency.

n,total ?

5.2.3. Reference Environmental Reservoir (RER)

According to Eq.%.1a) and Eq.5.1b) n] i the chemical potentials of species in the RER at

handi are necessary to determine the exergy flows of streams. Two RERE perfect

internal equilibrium atT¢=298.15 K Po=1atm i are considered. RER consists of the
standard atmosphere with hydrdeans and TEG in combustion chemical equilibrium with
CO,, O2 and HO; while RER2 corresponds to the raw, wataturated C@rich NG in
equilibrium with liquid water containing TEG at infinitBlution. RER2 is appropriate for
exergy analysis gbhysical processes (e.g., separators, compressors, exchangers and pumps),
while RER1 is appropriate for chemical processes (e.g., combustion in GT area). Using
RER-1 to physical processes with NG streams would entail ¢edtge inlet/outlet exergy

flows and, consequently, all exergy efficiencies near to 100% precluding the discrimination
of exergy performances of unitBherefore, only RER is considered in the GT area, while

both are considered in the conditioning process.

RER-1 corresponds to the Staamrd Atmosphere with ) O, Ar, CO; and HO in the
standard composition without water saturatid®o(mo) at P, =1.013bar, T =298.15}. All
hydrocarbon species in raw NG and TEG are in chemical equilibrium with the Standard

Atmosphere viacombustion equations. On the other hand, REBomprises an infinite
amount of the raw C&rich NG in equilibrium with an infinite body of liquid water also at

P =1.013bar, T =298.151. To account for the presence of TEG in the physical processes
(e.g., TEGH+JT+MP), the liquid phase of RERcontains TEG approximately at infinite
dilution, and thanks to its very low vappressure, there is practically no TEG in the vapor
(raw NG) phase. Since RER is made of hydrocarbons, €Gnd HO in internal

equilibnum, it obviously cannot havex@neither Ar and N which are absent in the raw NG
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feed), but this is not a problem since RERS only used with physical processes of the gas
processing plant which do not have presence-ah@he streams. RER is notconventional,

but it is consistent with the performed analyses because the chemical potgfYialstiie

RER-2 species have the same magnitude of the counterparts throughout the physical
operations of the gas processing; i.e., they are not toodkewing discriminating exergy

destructions and exergy efficiencies of physical units.

For consistency reasons, the chemical potentials in-RERd RER2 () should be

calculated with the same enthalpy and entropy reference$#fa¥YS uses for calculating
thermodynamic properties of streams. But creating HYSYS streams withlREER RER2

compositions is of no avail, because chemical potentials are not exported by HYSYS. In other

words, some stratagem must be used to obt@imith HYSYS. Thus, only pure component

streams are created & =1.013bar,] =298.15} (state f) in HYSYS because the

respective chemical potential is obtained via exportable molar enthalpy and entropy (i.e,

m =H" T,.S"). Then, it is considered that the vapor phases of-RBRd RER? are ideal
gases, which is reasonable given tRat1.013bar, T =298.151. Thus, the calculation of
n in RER1 and RER2 for a component that exists as a pure gas

P, =1.013bar, T =298.15land appears in the RER with a molar fractighis conducted
through Eq.%4).

o

m= (T,R) RTI b i (54)

¢

In Eq. 64) y; is the mole fraction of componekin the RER vapor phase, antj (TO, R,)

is the chemical potential of pure spedids a HYSYS stream of pure at (P, T,) which is

calculated via Eq.5(5) with the values omolar enthalpy and entropy exported by HYSYS.
Eq. 6.5) excludes water, TEG, iggentane and heavier hydrocarbons*{C8ince they are in

liquid state as pure component stream&at 1.013bar, T =298.151. To circumvent this

problem for HO and C5+ species, pure component streams are created at a sufficiently low

pressure for the gas state to exist; i.eR=@.01barand T, = 298.15K. Extracting the molar
enthalpy and entropy for these lgressure streams,’ ( {,I',Fg,) of H.O and C5 species are

given by Eq. %.6). The case of TEG is analyzed ahead.
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e (FR)= B purgey) ko( T, B )T S.pur eC5k (5.5)

e(TR)= H puree k,)-T(0.03 attm +T S
élbar

5 (5.6)
+RT In , k =H,0,C5
0 95.01bar g 2

5.2.3.1. RER1 Chemical Potentials

Table5.2 shows the composition of the vapor phase of RE&d the respective chemical

potentials;7] considering only the species of the standard atmosphere.

Table 5.2. RER-1 composition and 7§ of species in theStandard Atmosphere (2%mol

H20).
Component RER-1 Mol Fraction €. (kJ/mol)
N2 0.765194 -44.816
07} 0.205264 -47.165
CO. 0.000389 -464.694
Ar 0.009153 -47.406
H>0 0.020000 -303.296

To complete RERL, the | of hydrocarbon species and TEG are calculated via combustion

chemical equilibrium with @ H.O and CQ. The equilibrium is obtained through complete

combustion chemical reactions, forming@Hand CQ that exist in the atmosphergsing
CHas as an example, the combustion reaction in E) (s used to calculate; in Eq. 6.8).

This procedure is performed for all hydrocarbon and TEG species as shown ib.Bable

CH,(g9)+20(g =CQ(gd R’HQ ¢ (5.7)

8(0:H4: goz + 220 - 82 (5-8)

Table 5.3. RER-1 1} of combustible species.

Component k e) Equation g (kJ/mol)
CHs €0 * 2108 o -976.96
CzHe 260, + 3%.e- 3 -1674.19
CsHs 38202 + 4 OHZOS_ OOZ -2371.44

C4H10=1C4H10 45;202 + 5 OHZoS' @ -3068.68

CsH1=iCsH12 53202 + 6 OHzog- gz -3765.93
CeH1a 68?:02 + 7 OHZOs- g -4463.17
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Component k e. Equation e (kJ/mol)

C7Hz1e 78802 + 87 ¢ Oozj -5160.41
CsHus 8edo, * 9 08" B, -5857.65
CoHzo %%+ 1008 o -6554.90
CioH22 10&:2Q + 1 :E|zo g é— -7252.14
TEG GH1404 68302 + 7 OHZOs- gz -4557.49

5.2.3.2. RER2 ChemicalPotentials

RER-2 is a twephase system and TEG is only present infinitely diluted in the aqueous phase,
while the molar fractions of the remaining components in the vapor phase correspond to the

watersaturated C@rich raw NG atP, =1.013bar, T =298.151. The n] of the species in
the vapor phase of RER are calculated via Eq$5.4) to 6.6), where the RER fractions

y? are obtained for the vapor phase solving the VLE with watertheé saturate HYSYS
unit-operation at?, =1.013bar, T =298.15} The exception is the;} of TEG which does
not exist in the raw NG feed. It is represente¢@® and is evaluated via a graphical tangent
construction ~ with  G(T,,R,%., ., for TEGwater liquid mixtures at

P, =1.013bar, T =298.151. The derivative ofG(T, ,R ,%.c | at pure liquid waterx_, =0)

is evaluatednumerically in Eq. $.9) (where s =1 -6) with extracted values of molar
enthalpy and entropy at.. =0. Table5.4 shows the composition of RERand they, of

components. The graphical construction 3¢, is shown in Fig5.4.

(H- T0*§)\X:H {H %*9)

Erie :( H- T _’) x=§ +

x e (5.9)

S

Table 5.4. RER-2 composition and 7] of species.

Component RER-2 Vapor Molar Fraction €, (kJ/mol)

H20 0.0310 -302.23
CO. 0.4263 -447.34
C1 0.4845 -131.41
C2 0.0291 -151.77
C3 0.0194 -161.98
C4 0.0019 -179.87
iIC4 0.0029 -197.14
C5 0.0010 -211.66
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Component RER-2 Vapor Molar Fraction €. (kJ/mol)

iC5 0.0019 -205.77
C6 0.0010 -233.55
C7 0.0005 -265.58
c8 0.0003 -271.93
co 0.0001 -337.32
C10 0.0001 -372.86
TEG - -868.62
TEG mol fraction (X7gg))
0.00 0.50 1.00
=-300
£
=2 -400 -
P
g-SOO
c =+TEG+H,O
W 600 :
2 —Tangentx;gs=0)
® -700 +——
= M’ b
g -800 ——
== Pure
Mec™"(T0,Po)
-900 —— i

Fig. 5.4. Tangent framework: nearly infinite-dilution TEG chemical potential at To, Po.

5.3. Results and Discussion

Fig. 5.5 shows the destination of the inlet species,@s, CHs, Cs+, H-O and TEG among

the product streams NGL (stredétfl), COx-Rich (strean26) and total NG (stream®4 plus
stream 2pfor the processes TEG+JT+MP, SS+MP and SS+%8.afd TEG are plotted in

the axis at the right. The recoveries are relatiiheanaterial inlet, the inlet ga%)(and TEG
makeup 8). For example, from the total G@let in TEG+JT+MP, about 70% goes to £0

rich stream to EOR and 30% remains in NG Exported. Regarding WDPA and HCDPA,
SS+SS produces a cleaner NG since it has additiwater and & condensation in S3.

This can be seen by analyzing the NG Exported, which has the lowest recovesyobf C
about 10% in th&S+SS process, against more than 80% for the other configurations. The
majority of G+ goes to the C@rich steam to EOR from SS+SS, i.e., the condensate stream
of SS2 accounting for 70.9%, while more than 80% remains in the NG Exported from
TEG+JT+MP and SS+MP. In the-@ case, none of it is present in the NG Exported for
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SS+SS, while more than 0.3% is presenthe NG Exported of TEG+JT+MP and SS+MP.
Moreover, CH has the highest recovery in the SS+SS configuration, accountif@%66
against® 85% for TEG+JT+MP and SS+MP. The only negative result for the SS+SS is the
worst CQ removal, with the NG Exported Btcontaining 29.6% of the inlet GOagainst
27.6% and 27.1% for TEG+JT+MP and SS+MP, respectively.

6,00%
5,40%
4,80%
4,20%
3,60%
3,00%
2,40%
1,80%
- 1,20%
0,60%
‘ : ‘ - 0,00%

ES
o
=)

1

o
N

TEG+JT+MP | SS+MP | SS+SS TEG+JT+MP [SS+MR SS+SS
Total NG m CO2rich

Fig. 5.5. Destination of inlet components through the gas processing thread to NGL, G@ch
and total NG (fuel-gas + NG exported) streams.

The n} of hydrocarbons and TE@jffers widely between the RERSs, influencing the exergy

analyses. Values ofy of hydrocarbongor RER-1 are strongly negative, resulting in streams

with very high exergy flowrate. On the other hand, RERxergy flowrates of the same
streams exhibit much lower positive values, due to the higher reference chemical potentials.
Table 55 shows exergyflowrates of boundargrossing streams; i.e., streams that are
inlets/outlets of the overall gas processing plants. It can be observed the? BEdRgy
flowrates are two orders of magnitude shorter, resulting in values with similar magnitude of

the exergydestruction rates, which, by the way, are independent of the chosen RER.

Table 55. Exergy flowrates (kW) of inlet/outlet streams of the gas processing plants
according to RER-1 and RER-2.

(Inlet/outlet) RER-1 RER-2 RER-1 RER-2 RER-1 RER-2
Feed RawGas(in) 1 3.25E+06 4.52E+04 3.25E+06 4.52E+04 3.25E+06 4.52E+04
TEG makeup(in) 8  2.18E+02 1.41E+00 NJ/A N/A N/A N/A
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Stream Name Tag TEG+IT+MP SS+MP SS+SS
(Inlet/outlet) RER-1 RER-2 RER-1 RER-2 RER-1 RER-2

Condensate(out) 20 1.65E+01 2.41E+00 1.43E+01 1.73E+00 1.43E+01 1.73E+00
COz emission(out) 21  1.07E+03 2.63E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

NGL(out) 22 4.50E+04 1.92E+02 1.14E+05 4.38E+02 1.14E+05 4.38E+02
FuelGas(out) 24  2.89E+05 3.43E+03 2.85E+05 3.44E+03 1.94E+05 2.52E+03
NG Exported(out) 25 2.51E+06 3.80E+04 2.45E+06 3.77E+04 2.20E+06 3.90E+04
EOR(out) 26 4.25E+05 2.99E+04 4.32E+05 3.02E+04 7.68E+05 3.01E+04
SW (in) 33  1.44E+05 1.14E+03 1.29E+05 1.02E+03 1.14E+05 9.02E+02
SW! (out) 34  1.46E+05 2.85E+03 1.30E+05 2.55E+03 1.16E+05 2.26E+03
PHW(in) 35 8.33E+03 6.35E+03 3.10E+03 2.37E+03 2.08E+03 1.59E+03
PHW{out) 36 5.10E+03 3.12E+03 1.89E+03 1.16E+03 1.27E+03 7.78E+02
Power(in) P1+P2 4.79E+01 4.79E+01  N/A N/A N/A N/A

Power(in) P3 5.94E+03 5.94E+03 6.01E+03 6.01E+03 6.78E+03 6.78E+03
Power(in) P4 N/A N/A N/A N/A  1.73E+02 1.73E+02
Power(in) K1 1.98E+04 1.98E+04 1.40E+04 1.40E+04 1.40E+04 1.40E+04
Power(in) K2  3.04E+04 3.04E+04 3.07E+04 3.07E+04 7.11E+03 7.11E+03
Power(in) K3  1.44E+04 1.44E+04 1.43E+04 1.43E+04 1.74E+04 1.74E+04
Power(in) K4 N/A N/A N/A N/A  1.06E+04 1.06E+04

Fig. 5.6 shows exergy analysis results of main units and for the three overall gas processing
plants. The first parts of SS+MP and SS+SS plants (i.e., tHe B8) are exactly the same

and its equipment i tems bel ong t oS+MFhamd scena
SS+SS plants are different; i.e., respectively the MP unit and #2eu88, whose equipment

items respectively belong to the scenari os
importance the RER selection, sinde tefficiency is almost 100% thi RER1 for most

units, similarly to the results found bghannadzadeh et al. (201 BER-2 has a better
discernment of the exergy destruction and can pinpoint the units whose design optimization
should be prioritized and can affect more intensely theggxefficiency. The consistency of

W LOST

the present exergy analysis is attested via the -ctussk of OB and values. The

highest divergence found betweé&B andW'®h e | on gs to unit T2 reac|

The overall exergy efficiencies of the gas processing plants (involving only physical
operations) reached 72.4%, 66.5% and 63.3% respectively for SS+SS, SS+MP and
TEG+JT+MP via RER2. That §, RER2 could perfectly pinpoint the better utilization of
resources promoted by SS+SS. On the other hand, usinglR&Rexergy analysis of the

same physical gas processing plants, values of 99.2%, 98.9% and 98.7% are respectively
obtained for SS+SS, $8IP and TEG+JT+MP. That is, using RHR the exergy
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performances of SS+SS, SS+MP and TEG+JT+MP seem very similar and practically equally
efficient; but the reality is different. In other words, RERs totally inappropriate for

discriminating exergy perfmances of physical processes.

The biggest exergy sink of TEG+JT+MP is the @Ompression traik2, with 12.26MW of
exergy destruction, seconded by MP with a destruction of 10.25MW and efficiency of 80.5%
according to RER2. Together, K2 and MRepresent 49.5% of the overall exergy destruction
of TEG+JT+MP. Surprisingly, JT expansion has a RERfficiency of 94.7%. Similar
results are obtained for SS+MP, while in SS+SS the most impactful unit is the NG
compression train K3, accounting for 5.89MWexergy destruction, followed by SS2 with
4.28MW, representing together 35.6% of overall exergy destruction. SS2 is more exergy
efficient than MP as C&removal unit attaining 93%, while SSis even more efficient with
99.1%, both values for RER Thelower value of SS2 is explained by the lower pressure
recovery of SS2 relatively to SS1, a consequence of a hiagrkin SS2 necessary for
great condensation of G@Table5.1). Similar exergy efficiencies of SS units (91.1% and
99.2%) were found birigagéo et al. (2020).
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Fig. 5.6. Exergy analyses of TEG+JT+MP, SS+MP and SS+SS gas processing plants for units
and overall process: (A) RER1 (GW); (B) RER-2 (MW).
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Fig. 5.7 shows the breakdown of exergy destruction rates (do not depend on tHeERed

per equipment type for the three conditioning plants. Compressors are the main source of
exergy destruction, totaling 12MW, 11MW and 10MW for TEG+JT+MP, SS+MP and
SS+SS, respectively. When the intercoolers are also considered in the compression trains
these values are increased by 9MW, 9MW and 5MW, respectively, resulting in a share of

46.3%, 53.2% and 50.8% of the respective total exergy destructions of TEG+JT+MP, SS+MP
and SS+SS.

o

P N W B O
o O O

Exergy Destruction Rate (MW,

0
0
TEGHJT+MP  SS+MP SS+SS
m Compressor Heat Exchanger
Valve Distillation Column
® Pump = MP
mSS W Intercoolers

Fig. 5.7. Breakdown of exergy destruction rates (MW) peequipment type for
TEG+JT+MP, SS+MP and SS+SS gas processing plants.

Fig. 5.8 shows RERL exergy analyses of the respective GT areas of-TEMP, SS+MP

and SS+SS considering equipment items and the overall GT areas. The results are similar for
the three GT areas, where the SS+SS has the highest exergy effioleidby3%, against

75.2% and 75.1% for TEG+JT+MP and SS+MP, respectively. The exergy destruction rates
attained 75.1MW, 110.9MW and 114.1MW for SS+SS, TEG+JT+MP and SS+MP. The main
reductionof exergy destruction of SS+SS occurs in the heat exchanger EP,006ttMW of

savings, when compared to the TEG+JT+MP counterpart. This can be explained by the lower
E1l duty of 1.2MW in SS+SS against 3.1MW for TEG+JT+MP due to a lower PHW flowrate
demanded in SS+SS (1238 kmol/h against 467.3 kmol/h). However, the marerdif
regarding the three GT areas is the lower power requirement of SS+SS, to be shown later, but

can already be inferred from its lower exergy flowrate.
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Fig. 5.8. RER-1 exergy analyses (MW) of the respective GT areas of TEG+JT+MP,
SS+MP and SS+SS ggwocessing plants per equipment and overall.

Fig. 5.9 depicts six Sankey diagrams of overall exergy flows for TEG+JT+MP, SS+MP and
SS+SS according to RERand RER2. Only exergy flows associated to inlet/outlet streams of
the overall gaprocessing plants are taken into account. For example, the flows associated to
CW are not seen because the CW loops are perfectly within the respective plants; but the
seawater streams cross the plants boundaries and the respective exergy flows amgotaken i
account. It can be appreciated how the exergy flows of the inlet rawi€®NG, fuetgas and

NG exported change dramatically according to the used RER.

The relative differences of exergy destructions and power consumptions regarding the inlet
exergy flow are significant whether RER or RER2 are used. RER shows negligible
exergy destructions and power demand relatively to the total inlet flow of exergy in the CO
rich NG. In opposition to this, more meaningful proportions of exergy destructiopoavet
demand relatively to the inlet exergy flow are obtained with RER TEG+JT+MP, for
example, 7IMW of power is required against 3252MW of;@ch NG inlet exergy with
RER-1, while there is the same 71MW of power against 45MW of-¢h NG inlet exergy

with RER2. This means that RER lets explicit that the main input of exergy for gas
processing is the power to drive the compressors, which is correct since JT, MP and SS use
pressure as driving force for separation. On the other hand;1RERailssimilar magnitude

of flows for power and seawater exergy flow, a not meaningful result. Considerin2RER

the total exergy inlet in TEG+JT+MP is 123MW, while it is 113MW in SS+MP and 104MW

in SS+SS. Thus, a reduction 8% in the inlet exergy is obtaidewhen SS1 is used to
perform WDPA/HCDPA and about 15% when SS2 is used fop @oval. Another
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advantage of using SS1 is the lower PHW requirement (2MW in SS+MP and SS+SS against

6MW for TEG+JT+MP with RER2). Thus, more exergy is left available in SS+Mdifd
SS+SS for a possible wadteat recovery unit for combinexycle power generation.

Power 71 MW PHW 5 MW CO,-rich NG 45 MW PHW 3MW NG Export
PHW 8 MW Emission 5 MW PHW 6 MW 38 MW
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y O 2
. [=] ﬁﬁj\ O%
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3252 MW = ower
Z EOR 425 MW - (RER-2)
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Seawater Destruction 45 MW Seawater 3 MW
144 MW 46 MW 1 MW Exerey
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146 MW 2BMW 3 MW 46 MW
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Fig. 5.9. Sankey Diagrams of exergy flows (MW) for the gas processing plants: RER
(left); RER-2 (right); TEG+JT+MP (top); SS+MP (middle); and SS+SS (bottom).
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Figs. 5.10 to 5.12 respectively depict the exergy analyses forJIEH@E?, SS+MP and
SS+SS coupled to ¢hrespective GT areas. The exergy flowrates of air inlets to the GTs are
zero since they are in the same state as-RERWV and PHW streams are also absent since
CW and PHW loops are 100% within the enlarged plants.-RERhe only available option,

since RER2 is not suitable for GT areas due to the combustion reactions. The power output
of the GT area supplies the requirements 1in
consumption of 15MW (Table 5.1) to sustain peripheral facilities (e.g., ligiks@condary
machines). Since an integer number of active GTs SiemensA36&T(shaft power of
35MW) should be used (2 for SS+SS and 3 for TEG+JT+MP and SS+MP), in TEG+JT+MP
and SS+MP cases a power surplus results so that a fair comparison can be meslefdespi
the different numbers of GTs.xErgy destruction reduces from 159MW in THGMP to
149MW in SS+MP (i.e., using SS1 in place of TEG+JT), and further reduces to 104MW when
SS2 replaces MP in SS+SS; a 35% reduction. Moreover, the exergy flows oftpiadrgase

from 2984MW to 2993MW when using SS1 in place of TEG+JT, and to 3084MW when SS2
replaces MP, 85% increase. Exergy efficiencies of the coupled processes are 95.3%, 95.6%

and 96.9% for TEG+JT+MP, SS+MP and SS+SS respectively.

Power Surplus 20 MW NG Export
Backpower 15 MW 2514MW
Emission 72 MW
_ TEGHT+ .
e A e
+ S 425 MW
Turbines
Bxctgy NGL
Seawater Destruction 4 MW
144 MW 159 MW
Seawater
146 MW

Fig. 5.10.RER-1 Sankey diagram of exergy flows (MW) for TEG+JT+MP coupled to its
GT area (TG inlet air has zero exergy flowrate since it is equal to RER).
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Fig.5.11. RER-1 Sankey diagram of exergy flows (MW) for SS+MP coupled to its GT area
(TG inlet air has zero exergy flowrate since it is equal to RERL).
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Fig. 5.12. RER1 Sankey diagram of exergy flows (MW) for SS+SS coupled to its GT area.
(TG inlet air has zero exergy flowrate since it is equal to RER).

5.4. Conclusions for Chapters

A trustful model for exergy analyses of &fich NG processing in offshore riggasdeveloped

and three offshore gas processing plamés compared in terms of exergy destruction and
efficiency. Two of them use the new SS tembgy, namely SS+MP and SS+SS, and are
innovative, while the third one is a conventional TEG+JT+MP plant. All exergy destructions,
using both RERL and RER2, diverge from the lost work formula via théd2aw of
Thermodynamics by less than 0.18%, an acceptable value given that hundredsffretnods

and dozens HYSYS convergence tolerances are affecting the results, which validates the

method.
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It is shown that only RER is appropriate to perform exergyalysis of chemically reactive
processes like the GT areas, while RER appropriate for physical processe®., deprived of
chemical reaction$ like the NG processing plants and their units. The magnitude of exergy
destructions in RER is of thesame order as the respective total inlet exergy flows, turning
exergy efficiencies meaningful and allowing the corneentification of exergy sinks for

future improvement of process performance, while using-RE6t the physical units entails
efficiencies near to 100% making hard to discriminate their exergy performancestiéus,
non-conventional RER2 is recommended for exergy analysis of the physical units for raw NG
conditioning (i.e., envelopes without chemical reactions). At the same time, oRyl RE
adequate for exergy analysis of the envelopes wherein chemical reactions take place like the GT

areas and the whole rig comprehending the GT area and the NG processing plant.

Technical results show that SS+SS and SS+MP gas processing plants PEBAWHCDPA

with better efficiency than the conventional TEG+JT+MP. Only 10% of the C3+ from the inlet
raw NG appears in the NG Exported from SS+SS, against more than 80% for TEG+JT+MP and
SS+MP, while 0% of the inlet water remains in the NG Exported o5SSagainst more than

0.3% for the other two. Besides its better technical performance, SS attained also high exergy
efficiencies of 99.1% for SS1 and 93.0% for SS2, against 94.7% for JT and 80.5%,for MP
considering RER2.

Lastly, it is proved that SS+SS more exergy efficient for C&ich NG conditioning than
TEGHIT+MP 72.4% versus 63.3% exergy efficiency for RERwith SS+MP in an
intermediary position at 66.5%. These results show the improvement of sustainability brought
by using SS units in placd oonventional separations. Moreover, considering REkhd the
enlarged plants comprising the gas processing coupled to the respective GT areas, the utilization
of SS units allows increasing the exergy output by 5% relatively to the conventional
TEG+JT+MPcoupled to its GT area.
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6. CONCLUDING REMARKS

This Thesisevaluatesovel technologies taitigate carbon emissionfor the chemical and

energy sectgrcontributing to its sustainable developmdamphasis was given toarbon

mitigation of flue gas from theelectricity generation sector througlowerplants fueled by

coal (Chapter 2)NG (Chapter 3)and biomass (Chapter .4l also evaluates a possible

increase in the sustainability of the NG exploitation industry (Chaptérh&)avoidanceof

COz was also investigated for tmeethanolindustry by the substitution ™G hydrocarbons

by CO, (Chapter 2 andChapter 3).Companies in theaforementionedsectos can take
advantageof this work to increase the sustainability of its operatiolms this sense, this

Thesis contributesto certain extent,to someo f the goal égendd 2030he UN
including Ai7 i Affordableand CIl ean e n e fi9d yindugtry,olrthovationi amch 0

| nf r ast 12 Responsibl® onsumpti on and3irloduadtei Arcd i am

Therefore four Research inesareaddressedll related to the main objective pfirsuing the
sustainable developmeritine#1 evaluates CCU technologies for methanol production via
microalgae culture using flugas from coafired power plant and compares it to the CCS
technology. Line#2evaluates thecarbon mitigation by CCU technologies for methanol
productionfrom flue-gas of CG-rich NG power plantand compareg to CCS technology.
Line#3 evaluates the sustainability of applying CCS to bioenergy production from sugarcane
in a combined heat and power (cogeneration) facllilye #4 evaluates the sustainability of
novel technologies for offshore G@ch natural gas conditioning system with Supersonic
Separators with EOR destinatiéor the captured carbohe technologig are analyzed in
terms of technical, economic, environmental andrgxespects highlighting aspects as
sustainaliity and feasibiity of thealternatives.

Line#1 evinces that the biorefinery consisting of microalgae cultivation far f@@&tion,
with biomass gasification for methanol production as well as the extraction of its lipids for

commercialization, as microalgae oil, has a poor technical performance.

Line#2 claims thathe attachment of £0, capture unito treat fluegas from a C@rich NG
power plantprior to its utilization for methanolproductioncan be a feasible solution for
carbon mitigation.This is particularly true for thelirect CQ hydrogenation routevith
superior exerg efficiency, while the bireforming ofCO.-rich NG is not as sustainahlerhen

comparedhrough the exergy efficiency prisiihe exerg efficiency of theCCU by direct
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hydrogenations 66.3% while the Syngas route is 55.8%nd the CCSs only 44.8%. i&s
interesting to highlight thaCCS had lower exergy efficiency than the business as usual
(BAU) scenario offlue-gas emission(44.8% against 53.5%)ecause of the captustep
requirementsAn even mordanteresting point ighatthe BAU scenarioof flue-gasemission
together withthe conversion to methanol giure CQ, from bioethanolor ethyleneoxide
plant has an even higher exgrgfficiencyof 69.2% Thereforeavoiding the capture step is

a good strategy to increase the sustainability of; @@tigation. Moreover, thedeveloped
Exergy Analysisfor CCU with methanol productiors consistent, as itesults in positive

values for exergpf each strearandthe final error for each equipmestnegligible.

In Line#l, the case othe biorefineryroute for CCU, he carbon balancanalysis pointsts
superiority over competing CCU alternatives for methanol produdtdomever, the results

of the economic analysis show tlitais only economic feasible with a severe carbon taxation
higher than 100SD/t. Moreover, technical bottlenecks must be solved prior to its
implementation notably concerning the microalgae cultivat and harvestingunits
Although considering optimistic premises for the photobioreadts,biorefinery would
hardly betechnical viableas total area needed accoufaisa1000 ha for 84100 MW coall
power plant, suggesting thichnologial improvements, mainly in the photobioreactare
required.The results of the surrogate model developed are compatible with the Brazilian
auctions and with literature data, with errors in the Fixedit@lamvestments (FCI) of the
CHP and the CCS of 1.9% and 1.3%, respectively, when compared with the observed values,
with correlation coefficients of 0.996 and 0.991. The capacity of the Combined Heat and
Power (CHP) unit, in terms of bagasse consumpt®ihe variable with more weight in its

FCI, while it is the pipelines in the CCS unit, which accounts for more than 50% of it.

Line#3 claimsthat performing CCS irbioenergygenerationBECCS) has a certain lack of
viability, due to a considerable inage in investment araperationatosts, of almost 4 times
of a Combined Heat and Power (CHP) with@@€S butdeprived of a proper revenue
increase from the captured €@ue to its low commercial value of at most 100 USDACO
The capture cosbf the BaseCase with CCS is estimated 262 USD/tCQ, within the
literature rangeof 88-288 USD/tCQ. All perturbed scenariosf the sensitivity analyses
resulted incapture costsvithin the literature rangédowever, asumingoperational timend
capture capacity typical of conventiom( fueledpower plantsinstead of biomassdustry,
leads tocapture cospf only 17.2 USD/tCQ, showing thathe low capacitytogether with the
high idle timerepresent the biggest challenges for BEQCSugarcandiorefineries.
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Line#4 claims thatthe selection of theReference Environmental Reservoir (RER)
important toproperidentify exergy sinks for future improvement of process performance
Therefore,two distinct RERs are consideréat the CQ-rich NG processing in offshore rigs
RER-1 corresponds to the Standard Atmosphere in the standard composition without water
saturationwhile RER-2 comprises an infinite amount of the raw &@h NG in equilibrium

with an infinite body of liquid waterDespite having a better discernment of the exergy
destructiorand being recommended its UBER-2 is appropriate onlyor physical proceses,

like the NG processing plant®n the other hand, RER is appropriate@vhenever chemical

reactions takes plackke in the gas turbines area.

Line#4 also claims that besides bettettechnical results thanthe conventional route
(TEG+JT+MP) the configurationusing two SS units (SS+SS)attainedthe highest exergy
efficiencies 72.4% against 63.3%aving theSS+MPan intermediary value &6.5%(RER-1
values) Moreover,considering RER2, exergy efficiencyof the batteryof SS1 attained 99.%
against 94.7% of the AndSS2 reache®3.0%against 80.5% for the MP.

The following guidelinescan be recommendddr carbon reduction of flugasbased in the

findings of this work

1 CO: hydrogenation might be considered apotential route for carbon mitigation
together withmethanolproduction However,ajoint venture with a&companyoperating a
bioethanol planis moreadvantageoudn this scenao, the fluegas would beemitted
anda similar amount ofhe pure C@stream from thdermentation would be converted

to methanol.

1 Biorefineries with microalgae for GOcapturing requires a lot of technological

improvements before investmeman be performed

1 PerformingCCSin a flue-gas from combined heat and power (CHP) pkimuld be
performedonly if the operating time isptimizedfor a large capacityin this senset is
possible that theapture cosgiven by theSugarcandiorefinery Analyzer Frameworis

lower than gotential taxation for C&emission

Themain findings of this worlfor carbon reduction of C&rich natural gasre
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1 The use of twdbatteriesof SS, the first for WDPA+HCDPA and the second for.CO
removal, for processing ia Deepwaterffshore FPSQ is the most sustainable process

for conditioning it.

In connection to recommendddture works,the sustainability othe analyzed technologies
should be compared with thexyfuel technologiesfor energy generation withCO;
mitigation, whetherin technicaleconomic and environmental or exergetic efficiency
perspectivesto pursuitbettersustainability processes liine#2

In relation to Line#3 flex plants operating with sugarcane and cas raw material
depending on thperiod of the yearcould be analyzed fomprovements in the idle timef
the capturing process. This @e big isse of traditionalbioethanol plantdound in this
Thesis

Lastly, the Gasto-Wire concept can be exploredonsisting in the generation of offshore
electricityfrom COz-rich NG and then transmitted onshavéh subsea cable3he exergetic
efficiency of this system can be compared with tilaglitional onshore power generation of
the conditioned NG.
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APPENDIX A. Bibliographic production resulted from this T hesis research

Table Al presents the publications resulted froms thesis research. Each publication is
associated to the respective appendix, publishing place, type, corresponding chapters of this
thesis and to a first authorshrglicator.

Table A.1. Summary of bibliographic production derived from the presenareke

Research Appendix/ Front Product Tvpe Thesis First
Line Page yp Chapter Author
A-1 Conference paper T Yes
A-2 Scientific article 02 Yes
A-3 Patent application T T
. . A-4 Conference paper I No
(Line#1 and Llne#)ZCC_:U A-5 Scientific article T No
for methanol production .
A-6 Conference paper I Yes
versus CCS
A-7 Conference paper | Yes
A-8 Scientific article 03 Yes
A-9 Conference paper T Yes
A-10 Scientific article T Yes
(Line#3) Bioenergy A-14 Conference paper T Yes
production with CCS A-15 Scientific article 04 Yes
(Line#4) Offshore CGrich A-11 Register okoftware | |
NG processing A-12 Conference paper 05 Yes
A-13 Scientific article T Yes
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Economic and environmental analysis of a microalgae-based
biorefinery utilizing CO, emitted from coal fired power plant

Igor L. Wiesberg, George V. Brigagio, Jose Luiz de Medeiros, Ofélia Q. F. Aralijo1
School of Chemistry
Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
e-mail: ofelia@eq.ufrj.br

ABSTRACT

Coal fired power plants are major stationary sources of CO, and environmental constraints
demand technologies for abatement. Carbon Capture and Storage is the most mature route for
this purpose but it imposes severe economic penalty for power generation. Chemical or
biochemical conversion of CO; to valuable products, which is known as Carbon Capture and
Utilization, monetizes CO,, potentially mitigating the penalty associated to emissions
reduction. This work evaluates the economic feasibility of CO, bio-capture by Chlorella
pyrenoidosa and use of the resulting biomass as a feedstock to a biorefinery. The proposed
mainstream arrangement is composed by: CO, biocapture at photobioreactor, microalgae oil
extraction with part of the obtained biomass and gasification with the rest for biosyngas
production, and finally methanol synthesis via biosyngas and purification. The
photobioreactor is responsible for nearly one fifth of the total CAPEX and occupies an area of
986 ha, posing the most significant barrier to the implementation and economic feasibility of
the biorefinery. Considering the net CO, capture, microalgae has a cost of 162 $/t while CCS
has 225%/t.

KEYWORDS

Carbon capture and storage; carbon capture and utilization; microalgae; biorefinery; biomass
gasification; methanol synthesis.

INTRODUCTION

The world economy is heavily dependent on fossil fuels, generating emissions with high
concentrations of CQO;. [1] investigates the post-combustion capture of CO, exhaust gases and
its utilization in approaches that employ different technological routes. There are few
applications on a commercial scale for CO,, both in the energy sector and in other industrial
activities, resulting in emissions to the atmosphere due to lack of competitive technology to
capture and allocate it.

Coal fired power plants are intensive stationary sources of carbon dioxide emissions. The
atmospheric concentration of CO; has increased in the last decades due to the growth of
industrial activity, which has impacted the natural balance of CO, in the atmosphere. Thus,
environmental concerns promote a global research to develop technologies to reduce
emissions and stabilize its concentration. One important way to reduce the global emission of
greenhouse gases (GHG) is the practice of Carbon Capture, Utilization, and Storage (CCUS),
which represents a group of technologies to capture CO; from industrial sources, e.g., flue
gas, and then utilizing it physically (e.g., EOR), chemically (e.g., as a feedstock to the
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Coal-fired power plants are major stationary sources of carbon dioxide and environmental constraints
demand technologies for abatement. Although Carbon Capture and Storage is the most mature route, it
poses severe economic penalty to power generation. Alternatively, this penalty is potentially reduced by
Carbon Capture and Utilization, which converts carbon dioxide to valuable products, monetizing it. This
work evaluates a route consisting of carbon dioxide bio-capture by Chlorella pyrenoidosa and use of the
resulting biomass as feedstock to a microalgae-based biorefinery; Carbon Capture and Storage route is
evaluated as a reference technology. The integrated arrangement comprises: (a) carbon dioxide bio-
capture in a photobioreactor, (b) oil extraction from part of the produced biomass, (b) gasification of
remaining biomass to obtain bio-syngas, and (c) conversion of bio-syngas to methanol. Calculation of
capital and operational expenditures are estimated based on mass and energy balances obtained by
process simulation for both routes (Carbon Capture and Storage and the biorefinery). Capital expenditure
for the biorefinery is higher by a factor of 6.7, while operational expenditure is lower by a factor of 0.45
and revenues occur only for this route, with a ratio revenue/operational expenditure of 1.6. The pho-
tobioreactor is responsible for one fifth of the biorefinery capital expenditure, with footprint of about
1000 ha, posing the most significant barrier for technical and economic feasibility of the proposed
biorefinery. The Biorefinery and Carbon Capture and Storage routes show carbon dioxide capture effi-
ciency of 73% and 48%, respectively, with capture cost of 139$/t and 304$/t. Additionally, the biorefinery
has superior performance in all evaluated metrics of environmental impacts.

© 2017 Elsevier Ltd. All rights reserved.

Keywords:

Carbon capture and storage
Carbon dioxide utilization
Microalgae

Biorefinery

Biomass gasification
Methanol synthesis

1. Introduction

The world economy is heavily dependent on fossil fuels,
generating massive emissions of carbon dioxide (CO;). Coal fired
power plants are among the major stationary sources of CO»
emissions, where Carbon Capture and Storage (CCS) is the leading
technology for CO, management. Besides recognized technical
barriers — e.g., existence of geological sites (Cuéllar-Franca and
Azapagic, 2015), CO2 monitoring for leakage (Cheah et al., 2016) —
the absence of revenues imposes relevant economic penalty to the
CO, source processes due to the significant capital investment
required.

* Corresponding author.
E-mail addresses: igorwg@ufrj.br (LL. Wiesberg), george.victor@poli.ufrj.br
(G.V. Brigagao), jlm@eq.ufij.br (J.L. de Medeiros), ofelia@eq.ufrj.br (0. de Queiroz
Fernandes Aratjo).

Alternatively, utilization of CO, aims to add value to the
captured CO; (Carbon Capture and Utilization, CCU), through its
chemical conversion (Aresta, 2010). The ensemble of technologies
for CO, management is referred to CCUS (i.e., CCS + CCU), spanning
from storage to physical, chemical and biochemical utilization (e.g.,
Enhanced Oil Recovery — EOR, methanol production). It is worth
noting that a few chemical syntheses employ CO, as feedstock at a
commercial scale (e.g., urea) (Aresta, 2010), where most alterna-
tives are at the earlier stages of technology readiness level (most of
them are still at laboratory or bench scale). Conversion of CO; to
methanol (MeOH) outstands as a promising alternative, accord-
ingly to technical and economic studies evaluating capital and
operational expenditures, and environmental performance.
Kourkoumpas et al. (2016) investigated the methanol production
based on CO, capture from lignite power plants, estimating MeOH
production cost of 421€/t in case of a power plant owner invest-
ment. Pérez-Fortes et al. (2016) investigated the direct CO;
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APPENDIX A.3. Patent application onmethanol production

BRIGAGAO, G. V.WIESBERG, |.L.,.DE MEDEIROS, J. L.ARINELLI, L. O., ARAUJO,

0. Q. F., inventorsUniversidade Federal do Rio de Janeiro, applicant. Procgsssificado

com separador supersdnico para producdo de metanol a partir de gas carbdnico e hidrogénio
ou de gas de sintedBR Patent ApplicatiorBR1020200195689Filed on SeptembeR5th,

2020.

Processo intensificado com separador SOLUCAO: Consiste_em, instalar _separadores

supersonicos com injegdo de dgua liquida em dois

supersonico para producao de metanol a partir o3, do_processo de praducdo de metanol: 1o

oop de reacdo de sintese de metanol na saida de

e gés carbonica & hidrogenio o de gas de e

q leves do metanol. Assim eleva-se a producdo de
Sllltese metanol ao: elevar a conversdo no reator
D D deslocando o equilibrio; reduzir metanol no gas de
reciclo, no gas de purga e no vent da coluna de
RESUMO: Processe para produzir metanol intensificado por remocdo de leves.

separadores supersdnicos com injecdo de dgua elevando a
produgdo de metanol sem elevar carga, pressdo reacional ou gds
de reciclo. Separadores supersdnicos injetando dgua sdo TITULAR:

instalados na saida de gés do separador de metancl apés o Universidade Federal do Rio de Janeiro (UFRJ)
reator @ no vent de topo da coluna de leves, elevando a

producdio de metanol ao elevar a conversdo no reator INVENTORES:
deslocando o equilibrio, e reduzindo metanol no gas de reciclo/ George Victor Brigagdo
purga e no vent da coluna de remogéo de leves. Igor Lapenda Wiesberg

José Luiz de Medeiros
. Lara de Oliveira Arinelli
DESAFIdOS iE OB\JETIVO: u}IEIevar I? con;ersﬁo por passe rl;o Ofélia de Queiroz Fernandes Aratjo
reator de sintese de metanol sem alterar demais condicoes; .
Reduzir perdas de metanol no gas de purga do loop do rgctor; ci NUMERO DO PEDIDO:
Reduzir circulagdo de metanol no Rgs de reciclo do reator BR1020200195689
elevando conversdo de equilibrio; d) Reduzir perdas de metanol
no vent de topo da coluna de remocdo de leves de metanol
bruto, ao mesmo tempo permitindo reduzir a pressdo desta
coluna o que favorece a separagdo de leves.
Agénda UFRJ de Inovacio
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DE MEDEIRQOS, J. L. Sustainability analysis of biomethane from thermachanically
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Conference on Sustainable Development of Energy, Water and Environment Systems, Rio de Janeiro 28.-31.1.2018

SDEWES.LA2018.0046

Sustainability Analysis of Biomethane from Thermo-Mechanically
Pretreated Microalgae

G. Brigagdo*!, I. Lapenda Wiesberg?, |. Barboza Boa Morte?, J. Pinto?, 0. Araujol,
J.L. De Medeiros!

IFederal University of Rio de Janeiro, Brazil; Federal University of Rio de Janeiro,
Escola de Quimica/ Escola Politécnica, Brazil; 3Federal University of Rio de Janeiro,
Escola de Quimica, Brazil (*george.victor@poli.ufrj.br)

Abstract

Biodigestion of microalgae is a potentially sustainable strategy to recycling carbon dioxide via
biofixation, substituting fossil fuels. This study compares technical and economic performance of
three alternative microalgae-based biorefinery arrangements, consisting of a photobioreactor
growing Nannochloropsis salina, alternative preheating strategies, biodigestion of the biomass
and biogas processing to produce biomethane. The alternatives differ in the biomass pretreatment
stage: (i) no pretreatment; (ii) thermal pretreatment (75 °C); and (iii) thermo-mechanical
pretreatment (20 bar). Flue gas waste heat is used to supply heating demand. Process simulation
is employed to support technical and economic analyses. Biogas production from thermo-
mechanically pretreated microalgae is twice larger than biogas obtaining with thermal
pretreatment. Assuming a carbon tax of 75 US$ per ton of emitted CO-, the thermo-mechanical
pretreatment is the only configuration among the investigated alternatives that shows Net Present
Value more attractive than merely paying the tax.
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Upstream and downstream processing of microalgal biogas: Emissions, )
energy and economic performances under carbon taxation S

George Victor Brigagao, Igor Lapenda Wiesberg, Juliana Leite Pinto,
Ofélia de Queiroz Fernandes Aratijo’, José Luiz de Medeiros

Escola de Quimica, Federal University of Rio de Janeiro, CT, E, Ilha do Funddo, Rio de Janeiro, RJ, 21941-909, Brazil

ARTICLE INFO ABSTRACT

Keywords: The study evaluates alternative and innovative arrangements for processing a microalgae biomass by anaerobic
Biogas digestion to produce biogas. Cell wall limits bio-accessibility of microalgal intracellular compounds, demanding
Microalga pretreatment pretreatment to improve methane yield. Two pretreatments are evaluated at 75 °C using residual heat: thermal
Biomethane

(1 bar) and thermomechanical (20 bar),which increased biogas production in 40% and 159%, respectively.
Thermomechanical pretreatment is coupled to the following downstream processing cases: (i) biomethane; (ii)
bioelectricity; (iii) biomethane with enhanced oil recovery; (iv) bioelectricity with enhanced oil recovery and (v)
pressurized anaerobic digestion (6 bar) for biomethane with enhanced oil recovery. Processes are compared in
three dimensions: energy, economic and carbon footprint. Such a framework including upstream and down-
stream processes, besides comparison of atmospheric and pressurized anaerobic digestion, with in-depth eco-
nomic analysis, configures the main novelties of this work. Resource utilization efficiency metrics point ad-
vantage of pressurized anaerobic digestion case, while indicate biomethane production as less efficient than
bioelectricity. When carbon dioxide post-combustion capture and enhanced oil recovery are applied to abate
bioelectricity emissions, bioelectricity loses competitiveness to biomethane due to high energy penalties.
Sensitivity of Net Present Value to varying carbon taxation (increasing costs), Capture & Trade mechanism and
enhanced oil recovery (adding revenues) show superior resilience of biomethane with enhanced oil recovery. In
base scenario conditions, where 30US$/GJ electricity is applied, maximum biomass costs to economic feasibility
for cases (i) to (v) are 50, 21, 100, 5 and 83US$/t (dry-basis), respectively. Priced at 50US$/GJ, the bioelectricity
production frontier to feasibility starts at biomass costs =150US$/1.

Bioelectricity
CO,, capture
Anaerobic digestion

1. Introduction upgrading equipment, Li et al. [2] proposed an in situ biogas upgrading

consisting of a conventional continuously stirred tank digester (as

Bio-based energy is shifting from intensive use of energy crops to
diversified substrates, and progressively developing processes using a
wide range of raw biomass [1]. Anaerobic digestion (AD) monetizes
waste treatment producing a gaseous fuel, being the preferred tech-
nology for treating wastes of high moisture contents [2], e.g. micro-
algae suspensions and food wastes with 74-90%w water [3].

AD produces biogas with reduced Lower Heating Value (LHV) due
to its high carbon dioxide (CO5) content (30-40%) [4], with methane
(CH4) ranging 50-65% [2]. To attain high LHV without additional

acidogenesis reactor) followed by a pressurized biofilm AD, evaluated
at four pressure levels showing beneficial effects of increasing AD op-
erating pressures. Despite the promising results, the technology is at
proof of concept stage.

Besides its low LHV, biogas is generally produced at low pressure,
and has other impurities than CO, - e.g. ammonia (NH3), water (H,0)
and, depending on substrate composition, hydrogen sulfide (H,S) [5];
being off-specified for injection in natural gas distribution grids. Hence,
development of biogas upgrading techniques is required [6],

Abbreviations: AD, Anaerobic Digestion; BE, Bioelectricity; BM, Biomethane; CCU, Carbon Capture and Utilization; CW, Cooling-Water; EOR, Enhanced Oil
Recovery; GT, Gas Turbine; HRSG, Heat-Recovery-Steam-Generation; HRT, Hydraulic Retention Time; LHV, Lower Heating Value; MEA, Monoethanolamine; NOPT,
No Pretreatment; PAD, Pressurized Anaerobic Digestion; PSA, Pressure-Swing-Adsorption; ST, Steam Turbine; TEG, Triethylene Glycol; THPT, Thermal Pretreatment;

TMPT, Thermo-Mechanical Pretreatment; VS, Volatile Solids
* Corresponding author.

E-mail addresses: george.victor@poli.ufrj.br (G.V. Brigagao), igorwg@ufrj.br (IL. Wiesberg), juliana.pinto@eq.ufrj.br (J.L. Pinto),

ofelia@eq.ufrj.br (0.d.Q.F. Aratjo), jlm@eq.ufrj.br (J.L. de Medeiros).
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Reducing energy penalty in chemical absorption of CO: from fuel fired
power generation: guidelines and metrics for developing new solvents

Izor Lapenda Wiesberg'l, Matheus de Andrade Cruz'l), Ofélia de Queiroz Fernandes
Aranjo Jozé Luiz de Medeiros®), Klinsmann Pereira Winter @, Larissa Natali Menezes
Cozta®, Ana Paula Santana hMuzse™
U Federal University of Rio de Janeiro, Escola de Quimica/Escola Politécnica
) Federal University of Rio de Janeiro, Escola de Quimica
2) Petrobras 8.4,
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ABSTRACT

Fuel-fired power plants face the challenge of energy supply under increasing carbon
emissions regulations, demanding progresses i carbon capture and storage (CCS)
technologies. Chemical absorption of COz iz considered the most mature technology for
carbon capture. However, it poses severe energy penalty (13-30%) to the power plant, which
can be minimized through new formulations of solvents and process flowsheet modifications.
The work contributes to the progress of COz chemical absorption through the proposstion of a
reduced zet of puidelines and metrics to support the development of new aolvents, which iz
applied to the most promising solvents technology: iondc-liquids and biphasic amines. The
solvents are scored baszed on COn loading capacity, physicochemical properties, tomicity,
thermal and oxidative stability and price characteristics. Among screened solvents, phase-
changing szolvents are pomnted to possess competitive advantages, mainly due to reduced
energy duty for solvent regeneration, and potential to receive such duty from waste heat
streams.

EEYWORDS

Post combustion CO2 capture; solvent screening; amine based sclvents; ionic liquid solvents;
zolvent sustainability analysis; solvent formulation.

4 INTRODUCTION

The demand of enerzy in the world is increasing as well as the concentration of CO: in the
atmosphere. To change this scenanio, environmental regulations restricting COn emissions are
expanding, penalizing power supply by fuel-fired power plants. Given the energy demand
growth and the low maturity level of newer and greener technologies [1, 2], energy supply i
still predominantly based on fossil sources [3]

Technologies for CO: removal from flue gases 13 an alternative to reduce ernissions.
Techniques for carbon capture from exhaust gases include post-combustion, pre-combustion
and pEucombostion [4]. Post combustion capture of the COr with amine-based solvents, such
az mgnosthanclamine (MEA) and diethanolamine (DEA). is the most mature route. This
technology consists in selective absorption CO2 by the solvent, its regeneration mn a stripper,
releasing €Oz, and its recirculation to the absorber. Howewver, the heat required in
regeneration pozes a significant energy penalty to the power plant [3] (13-30%) [61.[7]-

* Comesponding muthar
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Methanol Production from CO; Hydrogenation and CO: Rich Natural Gas:
Assessment of Environmental Performance through Exergy Analysis.

Isor L. Wiesberg®
Escola de Quimica. Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
e—mail: 1gorwg@uiy. br
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Jose L. de Medeiros
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ABSTRACT

The exergy efficiency among two methanol production routes with CO2 mitigation 1s
analysed. namely CO2 hydrogenation and synthesis gas comversion generated through bi-
reforming. Exergy 15 a thermodyvnamic propertv that links this knowledge area to the
sustainability and environmental costs of a process. A novel framework is proposed for
exergy assessment of processes with chemical reactions. Since exergy 1s a property whose
meaning is relative to some datum, a Reference Environmental Reservoir (RER) must be
considered. The REER. 1s chosen to be the 25°C Standard Atmosphere at sea level with
composition i chemical equilibrium with air species and unsaturated 1 water with 2% mol
and 1t 1s shown to be thermodynamically consistent. Methanol produced by CO2
hvdrogenation retains about 76% of the exergy entering the process, while this amount 1s only
46% for the synthesis gas route, indicating a lower sustainability for the latter process.

KEYWORDS

4 Exergy analysis, COz hvdrogenation, natural gas, CO: capture, methanol production,
sustainability comparison

INTRODUCTION

Carbon Capture and Utilization (CCU) of carbon dioxide (COz) to methanol has the potential
to address relevant sustainability issues. This technology can mitigate greenhouse gas
emissions and can be an economically feasible replacement of fossil raw materials for
dovmnstream products. For example, methanol can replace crude o1l through Methanol-To-
Olefins (MTO) route [Wang, 2015], through its use as vehicle fuel or in power production. It
can even shift Natural Gas (NG) demand, the most common raw material for its production.
On the other hand, Carbon Capture and Storage (CCS) does not have any products or income
and. therefore, should be avoided.

In this sense, two technologies that have potential for CO:z mitigation and methanol
production are investigated by means of exergy efficiency: the COz hydrogenation (DIRECT
route) and the bi-reforming of NG with postenior conversion to methanol (INDIRECT route)

" Corresponding author
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Carbon Capture and Storage versus conversion to methanol s
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ARTICLE INFO ABSTRACT

Carbon Capture and Storage and Carbon Capture and Utilization refer to carbon dioxide management tech-
nologies for its removal from flue-gases, followed by carbon recycling or storage, aiming at limiting global
warming. For large-scale deployment, geological storage is the most promising alternative but imposes an
economic penalty to the emitting process, while the utilization monetizes carbon dioxide contributing to com-
pensate for the large capture costs. The exergy concept builds a suitable framework to measure useful power
according to the Second Law of Thermodynamics, such that maximizing exergy efficiency necessarily promotes
sustainability. This work applies a novel framework for exergy assessment of processes with chemical reactions,
which is employed to evaluate the performance of two methanol production routes from carbon dioxide from
power plant flue-gas: the direct hydrogenation and the indirect conversion through natural gas bi-reforming for
synthesis gas production. Exergy efficiency of the direct route is about 66.3%, against 55.8% for the indirect one,
indicating the lower sustainability of the latter, Carbon capture and storage had the worst Exergy efficiency,
even lower than the emission scenario, accounting for 44.8% against 53.5%. Exergy metrics pinpoint low
scalability as the main drawback of the utilization technologies, despite high exergy and capture efficiency.
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Methanol production
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CO, Bi-Reform
Natural gas
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1. Introduction operations. A review of Life Cycle Assessments (LCA) of various CCU

routes showed that the efficiency of the carbon removal and the en-

Carbon Capture and Utilization (CCU) technologies have potential
to considerably contribute for improved sustainability of industrial and
power generation activities while adding revenues to carbon dioxide
(CO,) destination from chemical conversion to marketed products.
Thus, CCU stands as an important solution to limit global warming
while potentially enabling economically feasible replacement of fossil
feedstocks to the chemical and energy industries. In this sense, me-
thanol synthesis has been considered as one of the most promising
routes for large-scale CCU [1], accounting for its widespread use and
potential for a rapid growing demand, not only as a bulk commodity
but also for its direct use as vehicle [2] and shipping fuel [3], as re-
newable energy carrier [4]. Moreover, methanol-to-olefins technology
is of great importance because it replaces oil-derived products [5].
However, due to its chemical stability [6], CO, conversion requires
severe reaction conditions [1], resulting in compression and heating
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vironmental impacts varies greatly and are not always exciting when
compared to CCS [7]. Unfortunately, as far as the authors are aware,
there is no LCA study in the literature comparing CCS and CCU with
methanol production.

Carbon Capture and Storage (CCS) alternatives, on the other hand,
have the economic obstacle of being unprofitable activities that require
large capital investment [8] and may only be economically attractive if
the storage site is an oil reservoir, for Enhanced Oil Recovery (EOR), or
a stringent carbon taxation policy is applied [9]. Indeed, the majority of
the early CCS projects are for EOR purposes [10]. However, CCS is a
promising technology for CO, mitigation from power plants emissions
in a long term [8]. In order to increase its techno-economic feasibility,
Calderon et al. [11] analyzed the recirculation of exhaust gases to rise
the CO, partial pressure in the flue-gas of a NG power plant, simulta-
neously lowering the regeneration duty, its flow rate and its O,

Abbreviations: CCU, Carbon Capture and Utilization; CCS, Carbon Capture and Storage; DIRECT, Direct methanol production route through CO, hydrogenation;
EOR, Enhanced Oil Recovery; INDIRECT, Indirect methanol production route through NG bi-reforming; LCA, Life Cycle Assessment; LPS, Low-pressure steam; MEA,
Monoethanolamine; NG, Natural Gas; PFD, Process Flow Diagram; RER, Reference Environmental Reservoir
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APPENDIX A.9. Conference paper on feasibility analysis of CO2
utiliz ation to methanol productioni Proceedings of 4° Congresso Brasileiro
de CO2 na industria do Petréleo, Gas e Biocombustiveis
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mitigation with methanol production through hydroggma and bireforming of natural gas.
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